Production, Processing and Placement of Graphene and Two Dimensional
  Crystals by Bonaccorso, F. et al.
ar
X
iv
:1
21
2.
33
19
v1
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 13
 D
ec
 20
12
Production, Processing and Placement of Graphene and Two Dimensional Crystals
F. Bonaccorso1, A. Lombardo1, T. Hasan1, Z. Sun1, L. Colombo2, A. C. Ferrari1∗
1Department of Engineering, University of Cambridge, Cambridge CB3 0FA, UK
2 Texas Instruments Incorporated, 13121 TI Boulevard, Dallas, Texas 75243, USA
Graphene is at the centre of an ever growing research effort due to its unique properties, in-
teresting for both fundamental science and applications. A key requirement for applications is the
development of industrial-scale, reliable, inexpensive production processes. Here we review the state
of the art of graphene preparation, production, placement and handling. Graphene is just the first of
a new class of two dimensional materials, derived from layered bulk crystals. Most of the approaches
used for graphene can be extended to these crystals, accelerating their journey towards applications.
INTRODUCTION
Graphene has high mobility and optical trans-
parency, in addition to flexibility, high mechanical
strength and environmental stability. These proper-
ties have already had a huge impact on fundamen-
tal science1–3, and are making graphene and graphene-
based materials a promising platform for electron-
ics, composites, sensors, spintronics, photonics and
optoelectronics1,4,5. A variety of possible applica-
tions ranging from solar cells6 and light-emitting
devices7,8 to touch screens9, photodetectors10–13, ultra-
fast lasers14,15, membranes16,17, spin valves18,19, high-
frequency electronics20, etc. are being explored. The
present ”second phase” of graphene research, after the
award of the Nobel Prize to Geim and Novoselov, be-
sides deepening the understanding of the fundamen-
tal aspects of this material, should target applications
and manufacturing processes, and broaden research to
other two-dimensional (2d) materials and hybrid sys-
tems. Graphene development could impact products in
multiple industries, from flexible, wearable and transpar-
ent electronics, to high performance computing and spin-
tronics. The integration of these new materials could
bring a new dimension to future technologies, where
faster, thinner, stronger, flexible, and broadband devices
are needed21. However, large-scale cost-effective produc-
tion methods are required with a balance between ease
of fabrication and materials quality.
Here we review the state of the art of graphene prepa-
ration, production, placement and handling, and outline
how similar approaches could be used for other 2d crys-
tals. The main approaches are summarized in Fig.1.
This paper is organized as follows. Section I outlines
all the graphene production techniques, Section II is ded-
icated to processing after production, while Section III
covers inorganic layered compounds and hybrid struc-
tures. Table 1 is a list of acronyms and notations.
TABLE I: List of Acronyms
1LG Single layer graphene ν Viscosity
2D Raman 2D Peak N Number of graphene layers
2d Two dimensional NEMS Nanoelectromechanical system
3d Three dimensional NLG N-layer graphene
3LG Trilayer graphene NMP N-MethylPyrrolidone
α Absorption coefficient OAS Optical absorption spectroscopy
a-C Amorphous carbon PAH Polycyclic aromatic hydrocarbons
a-C:H Hydrogenated amorphous carbon PDMS Poly(dimethysiloxane)
AFM Atomic force microscopy PECVD Plasma enhanced chemical vapor deposition
ALD Atomic layer deposition PEG Polyethylene glycol
ALE Atomic layer epitaxy PET Poly(ethylene terephthalate)
BLG Bi-layer graphene PL Photoluminescence
BMIMPF6 1-Butyl-3-methylimidazolium hexafluorophosphate PMMA Poly(methyl methacrylate)
BN Boron nitride PTCDA Perylene-3,4,9,10-tetracarboxylic dianhydride
c Concentration PV Photovoltaic
CBE Chemical beam epitaxy PVD Physical vapor deposition
CMOS Complementary metal oxide semiconductor QHE Quantum Hall effect
CNT Carbon nanotube ρ Density
CVD Chemical vapor deposition R2R Roll to roll
DEP Di-electrophoresis RGO Reduced graphene oxide
DGM Density gradient medium Rs Sheet resistance
DGU Density gradient ultracentrifugation RT Room temperature
DMF Dimethylformamyde RZS Rate-zonal separation
DNA Deoxyribonucleic acid ̺ Surface energy
FET Field effect transistor σ Electrical conductivity
FLG Few layer graphene SAM Self-assembled monolayer
FQHE Fractional quantum Hall effect SBS Sedimentation based separation
2γ Surface tension SC Sodium cholate
GBL γ-Butyrolactone SDBS Dodecylbenzene sulfonate
GIC Graphite intercalated compounds SDC Sodium deoxycholate
GNR Graphene nano ribbon SLG Single layer graphene
GO Graphene oxide STM Scanning tunneling microscopy
GOIC Graphite oxide intercalated compound SWNT Single wall carbon nanotube
GOQD Graphene oxide quantum dots T Temperature
GQD Graphene quantum dots ta-C Tetrahedral amorphous carbon
HBC Hexa-perihexabenzocoronene ta-C:H Hydrogenated ta-C
η Carrier mobility ta-C:N Nitrogenated ta-C
h-BN Hexagonal boron nitride TCF Transparent conducting film
hcp Hexagonal closed packed TEM Transmission electron microscopy
HMIH 1-hexyl-3-methylimidazolium hexafluorophosphate TGA Thermo-gravimetric analysis
ICP Inductively coupled plasma TLG Tri-layer graphene
IL Ionic liquid TMD Transition metal dichalcogenide
LEED Low-energy electron diffraction TMO Transition metal oxide
LM Layered material UHV Ultra high vacuum
LPCVD Low pressure chemical vapor deposition UV Ultra violet
LPE Liquid phase exfoliation VRH Variable range hopping
m Staging index XPS X-ray photoelectron spectroscopy
MBE Molecular beam epitaxy YM Yield by SLG percentage
MC Micromechanical cleavage YW Yield by weight
MLG Multilayer graphene YWM Yield by SLG weight
I. GRAPHENE PRODUCTION
A. Dry exfoliation
Dry exfoliation is the splitting of layered materials
(LM) into atomically thin sheets via mechanical, electro-
static, or electromagnetic forces in air, vacuum or inert
environments.
1. Micromechanical cleavage
Micromechanical cleavage (MC), also known as mi-
cromechanical exfoliation, has been used for decades
by crystal growers and crystallographers22,23. In
1999 Ref.[24] reported a controlled method of cleaving
graphite, yielding films consisting of several layers of
graphene. Ref.[24] also suggested that ”more exten-
sive rubbing of the graphite surface against other flat
surfaces might be a way to get multiple or even single
atomic layers of graphite plates.” This was then firstly
demonstrated, achieving SLG using an adhesive tape, by
Novoselov et al. [25], as illustrated in Fig.1a.
Micromechanical cleavage is now optimized to yield
high quality layers, with size limited by the single crys-
tal grains in the starting graphite, of the order of
millimeters26. The number of layers can be readily iden-
tified by elastic27 and inelastic28 light scattering. Raman
spectroscopy also allows a fast and non-destructive moni-
toring of doping29–31, defects32–35, strain36,37, disorder38,
chemical modifications33,39 and edges40,41, see Fig.2. Mo-
bilities of up to 107 cm2 V−1 s−1 at 25K were reported
for a decoupled single layer graphene (SLG) on the sur-
face of bulk graphite42, and up to 106 cm2 V−1 s−1 on
current-annealed suspended SLGs43, while room temper-
ature (RT) mobilities up to∼20,000cm2 V−1 were mea-
sured in as-prepared SLGs44. Suspended SLGs, cleaned
by current annealing (see Sect.II B), can reach mobilities
of several 106cm2 V−1 s−1 [45]. Mobilities in excess of
105cm2 V−1 s−1, with ballistic transport at the micron
level, were reported for SLG encapsulated between exfo-
liated hexagonal boron nitride (h-BN) layers46.
Although MC is impractical for large scale applica-
tions, it is still the method of choice for fundamental
studies. Indeed, the vast majority of basic results and
prototype devices were obtained using MC flakes. Thus,
MC remains ideal to investigate both new physics and
new device concepts.
2. Anodic bonding
Anodic bonding is widely used in the microelectronics
industry to bond Si wafers to glass47, to protect them
from humidity or contaminations48. When employing
this technique to produce SLGs49,50, graphite is first
pressed onto a glass substrate, and a high voltage of few
KVs (0.5-2 kV) is applied between the graphite and a
metal back contact (see Fig.1b), and the glass substrate
is then heated (∼200◦C for∼10-20mins)49,50. If a positive
voltage is applied to the top contact, a negative charge
accumulates in the glass side facing the positive elec-
trode, causing the decomposition of Na2O impurities in
the glass into Na+ and O−2 ions
49,50. Na+ moves towards
the back contact, while O−2 remains at the graphite-glass
interface, establishing a high electric field at the interface.
A few layers of graphite, including SLGs, stick to the
glass by electrostatic interaction and can then be cleaved
off49,50; temperature and applied voltage can be used to
3FIG. 1. Schematic illustration of the main graphene production techniques. (a) Micromechanical cleavage. (b) Anodic
bonding. (c) Photoexfoliation. (d) Liquid phase exfoliation.(e) Growth on SiC. Gold and grey spheres represent Si and C
atoms, respectively. At elevated T, Si atoms evaporate (arrows), leaving a carbon-rich surface that forms graphene sheets.
(f) Segregation/precipitation from carbon containing metal substrate. (g) Chemical vapor deposition. (h) Molecular Beam
epitaxy. (i) Chemical synthesis using benzene as building block
control the number of layers and their size49,50. Anodic
bonding has been reported to produce flakes up to about
a millimeter in width49.
3. Laser ablation and photoexfoliation
Laser ablation is the use of a laser beam to remove ma-
terial from a solid surface51. If the irradiation results into
the detachment of an entire or partial layer, the process
is called photoexfoliation52.
Laser pulses can in principle be used to ablate/exfoliate
graphite flakes, Fig.1(c). Indeed, tuning the energy den-
sity permits the accurate patterning of graphene53. The
ablation of a defined number of layers can be obtained
exploiting the energy density windows required for ablat-
ing a SLG53 and N-layer graphene (NLGs) of increasing
number of layers53. Ref.[53] reported that energy density
increases for decreasing N up to∼7LG. Ref.[53] argued
that the N dependence of the energy density is related
to the coupling of heat with NLGs via phonons, with
the specific heat scaling as 1/N. For N>7 the ablation
threshold saturates53.
Laser ablation is still in its infancy53,54, and needs fur-
ther development. The process is best implemented in
inert or vacuum conditions55,56 since ablation in air tends
to oxidize the graphene layers53. Promising results were
recently demonstrated also in liquids57.
B. Liquid-Phase-Exfoliation (LPE)
Graphite can also be exfoliated in liquid environ-
ments exploiting ultrasounds to extract individual lay-
ers, Fig.1d. The liquid-phase exfoliation (LPE) process
generally involves three steps: 1) dispersion of graphite
in a solvent; 2) exfoliation; 3) ”purification”. The third
step is necessary to separate exfoliated from un-exfoliated
flakes, and is usually carried out via ultracentrifugation.
The LPE yield can be defined in different ways. The
4FIG. 2. (a) Optical micrograph of MC flake, consisting of
regions of different thickness. (b) Evolution of Raman spectra
with number of layers28. The spectra are normalized to have
the same G peak intensity.
yield by weight, YW [%], is defined as the ratio between
the weight of dispersed graphitic material and that of
the starting graphite flakes58. The yield by SLG percent-
age, YM [%], is defined as the ratio between the number
of SLG and the total number of graphitic flakes in the
dispersion58. The Yield by SLG weight, YWM [%], is
defined as the ratio between the total mass of dispersed
SLG and the total mass of all dispersed flakes. YW does
not give information on the the amount of SLG, but only
the total amount of graphitic material. YM [%], YWM
[%] are more suitable to quantify the dispersed SLGs.
In order to determine YW it is necessary to calculate
the concentration c [g L−1] of dispersed graphitic mate-
rial. c is usually determined via optical absorption spec-
troscopy (OAS)58–63, exploiting the Beer-Lambert Law:
A=αcl, where l [m] is the length of the optical path and
α [L g−1 m−1] is the absorption coefficient. α can be
experimentally determined by filtering a known volume
of dispersion, e.g. via vacuum filtration, onto a filter of
known mass58–61, and measuring the resulting mass us-
ing a microbalance. The filtered material is made up of a
graphitic mass, surfactant or solvents and residual from
the filter58,59. Thermogravimetric (TGA) analysis is used
to determine the weight percentage of graphitic material
in it, thus enabling the measurement of c58–61. How-
ever, different values of α have been estimated both for
aqueous59,60 and non-aqueous dispersions58,61. Ref.[58]
derived α ∼2460mLmg−1m−1 for a variety of solvents,
i.e. N-MethylPyrrolidone, NMP, Dimethylformamyde,
DMF, Benzyl benzoate, γ-Butyrolactone, GBL, etc.,
while later Ref.[61] reported α ∼3620mL mg−1 m−1 for
NMP. Ref.[59] gave α ∼1390mL mg−1 m−1 for aque-
ous dispersions with sodium dodecylbenzene sulfonate
(SDBS), while Ref.[60] reported∼6600mL mg−1 m−1,
still for aqueous dispersions but with sodium cholate
(SC). Ref.[60] assigned this discrepancy to the c differ-
ence between the two dispersions. However, α cannot be
dependent on c (indeed it is used for its determination),
thus more work is needed to determine its exact value.
YM is usually determined via transmission electron mi-
croscopy (TEM) and atomic force microscopy (AFM). In
TEM, N can be counted both analyzing the edges28 of the
flakes and by using electron diffraction patterns28. AFM
enables the estimation of N by measuring the height of
the deposited flakes and dividing by the graphite inter-
layer distance. However, the estimation for the height of
SLG via AFM is dependent on the substrate. Indeed, for
SiO2 a SLG has an height of ∼1nm25, while on mica is
∼0.4nm64. Raman spectroscopy is used for the determi-
nation of YM
58,62,63 and to confirm the results obtained
with TEM and/or AFM.
YWM [%] requires the estimation of SLGs area other
than N58. However, although this is a more accurate pa-
rameter (giving quantitative and qualitative information
on SLGs), with respect YW and YM , to characterize a
dispersion, its determination is very time consuming. In-
deed, to the best of our knowledge it was used only once,
when it was defined58. However, for a semi-quantitative
evaluation of the dispersion YM and YW must be re-
ported if YWM is not.
1. LPE of graphite
Graphene flakes can be produced by exfolia-
tion of graphite via chemical wet dispersion fol-
lowed by ultrasonication in water59,62,65,66 and organic
solvents58,62,63,67. Ultrasound-assisted exfoliation is con-
trolled by hydrodynamic shear-forces, associated with
cavitation68, i.e. the formation, growth, and collapse of
bubbles or voids in liquids due to pressure fluctuations68.
After exfoliation, the solvent-graphene interaction needs
to balance the inter-sheet attractive forces.
Solvents ideal to disperse graphene are those that min-
imize the interfacial tension [mN/m] between the liquid
and graphene flakes (i.e. the force that minimizes the
area of the surfaces in contact)69 . In general, interfacial
tension plays a key role when a solid surface is immersed
in a liquid medium69–71. If the interfacial tension be-
tween solid and liquid is high, there is poor dispersibility
5FIG. 3. Sorting of graphite flakes via isopycnic separation. (a) Formation of step gradient by placing a density gradient medium
with decreasing concentration. (b) Linear density gradient formed via diffusion. (c) During isopycnic separation the graphite
flake-surfactant complexes move along the cuvette, dragged by the centrifugal force, until their isopycnic points. The buoyant
density of the flake-surfactant complexes increases with number of layers. (d) Photograph of cuvette containing sorted flakes.
of the solid in the liquid69. In the case of graphitic flakes
in solution, if the interfacial tension is high, the flakes
tend to adhere to each other and the work of cohesion be-
tween them is high (i.e. the energy per unit area required
to separate two flat surfaces from contact69), hindering
their dispersion in liquid. Liquids with surface tension
(i.e. the property of the surface of a liquid that allows it
to resist an external force, due to the cohesive nature of
its molecules69) γ∼40mN/m [58], are the ”best” solvents
for the dispersion of graphene, since they minimize the
interfacial tension between solvent and graphene.
Ref.[72] determined via wettability and con-
tact angle measurements the surface energy, ̺
[mJ/m2], of different graphitic materials, finding
̺ ∼46mJ/m2,∼55mJ/m2,∼62mJ/m2 for reduced
graphene oxide (RGO), graphite and graphene oxide
(GO). The slight difference being due to the different
surface structure of GO, RGO and graphite. Ref.[73]
reported that contact angle measurements are not
affected by N.
The majority of solvents with γ ∼40mN/m (i.e. NMP,
DMF, Benzyl benzoate, GBL, etc.) [see Ref.[58] for a
complete list] have some disadvantages. E.g., NMP may
be toxic for the reproductive organs74, while DMF may
have toxic effects on multiple organs75. Moreover, all
have high (>450K) boiling points, making it difficult
to remove the solvent after exfoliation. As an alterna-
tive, low boiling point solvents76, such as acetone, chlo-
roform, isopropanol, etc. can be used. Water, the ”nat-
ural” solvent, has γ ∼72mN/m [69], too high (30mN/m
higher than NMP) for the dispersion of graphene72 and
graphite72. In this case, the exfoliated flakes can be stabi-
lized against re-aggregation by Coulomb repulsion using
linear chain surfactants, e.g. SDBS59, or bile salts e.g.
SC65 and sodium deoxycholate (SDC)62,66, or polymers
e.g. pluronic77, etc. However, depending on the final ap-
plication, the presence of surfactants/polymers may be
an issue, e.g. compromising, decreasing, the inter-flake
conductivity78.
Thick flakes can be removed by different strategies
based on ultracentrifugation in a uniform medium79,
or in a density gradient medium (DGM)80. The first
is called differential ultracentrifugation (sedimentation
based-separation, SBS)79, while the second is called den-
sity gradient ultracentrifugation (DGU)80. The SBS pro-
cess separates various particles on the basis of their sedi-
mentation rate79 in response to a centrifugal force acting
on them. Sedimentation based separation is the most
common separation strategy and, to date, flakes ranging
from few nanometers to a few microns have been pro-
duced, with concentrations up to a few mg/ml61,81. High
concentration is desirable for large scale production of
composites58 and inks63. YM up to ∼70% were achieved
by mild sonication in water with SDC, followed by SBS66,
while YM ∼33% was reported with NMP63. This YM dif-
ference is related to the difference in flake lateral size. In
water-surfactant dispersions flakes are on average smaller
(∼30nm66 to∼200nm59) than in NMP(∼1µm58,63), since
the viscosity (ν) at RT of NMP (1.7mPas82) is higher
than water (∼1mPas82). Larger flakes in a higher viscos-
ity medium experience a higher frictional force79,80 that
reduces their sedimentation coefficient, making it more
6difficult for them to sediment. This decreases YM in
NMP compared to water.
During DGU, the flakes are ultracentrifuged in a pre-
formed DGM80,83, see Figs.3a,b, where they move along
the cuvette until they reach the corresponding isopyc-
nic point, i.e., the point where their buoyant density
equals that of the surrounding DGM80. The buoyant
density is defined as the density (ρ) of the medium at
the corresponding isopycnic point80,83. Isopycnic separa-
tion was used to sort nanotubes by diameter84,85, metal-
lic vs semiconducting nature86 and chirality87. However,
unlike nanotubes of different diameter, graphitic flakes
have the same density, irrespective of N, so another ap-
proach is needed to induce a density difference: coverage
of the flakes with a surfactant results in an increase of
buoyant density with N, Fig.3c. Fig.3d shows a cuvette
after isopycnic separation. Ref.[65] reported YM ∼80%
for this technique with SC surfactant.
Another method is the so-called rate zonal separation
(RZS)88. This exploits the difference in sedimentation
rates of nanoparticles with different size89, shape90 and
mass89, instead of the difference in nanoparticle density,
as in the case of isopycnic separation. RZS was used to
separate flakes with different size88 (the larger the size,
the larger the sedimentation rate).
Other routes based on wet chemical dispersion have
been investigated, such as exfoliation in ionic liq-
uids (ILs)91,92, 1-hexyl-3-methylimidazolium hexafluo-
rophosphate (HMIH)91 or 1-butyl-3-methylimidazolium
bis(trifluoro-methane-sulfonyl)imide ([Bmim]-[Tf2N])92.
These are a class of purely ionic, salt-like materials93,
defined as salts in the liquid state (below 100◦C), largely
made of ions93. Ref.[91] reported concentrations ex-
ceeding 5mg/mL by grinding graphite in a mortar with
ILs, followed by ultrasonication and centrifugation. The
flakes had sizes up to∼3-4µm, however no data was shown
for N91. Ref.[91] used a long ultrasonication process
(>24 hours), probably because of the IL high viscos-
ity. In SBS viscosity plays a fundamental role. Flakes
in a higher viscosity medium have a lower sedimenta-
tion coefficient with respect to water. The sedimentation
coefficient is commonly measured in Svedberg (S) units
(with 1S corresponding to 10−13sec.), the time needed
for particles to sediment out of the fluid, under a cen-
trifugal force79. E.g., for a flake dispersed in [Bmim]-
[Tf2N] (ρ=1.43g/cm
3, ν=32mPas), the sedimentation co-
efficient is∼55 times smaller than in water. There are no
reports to date showing that exfoliation via ultrasonica-
tion in ILs can have the same YM as in water
66, or or-
ganic solvents63. Moreover, the resultant flakes contain
oxygen functional groups92, probably due strong non-
covalent interactions, or covalent functionalization with
[Bmim][Tf2N] itself
92. A step forward for the production
of flakes without these functional groups was reported in
Ref.[94], where oxygen-free flakes were made by grind-
ing graphite in 1-Butyl-3-methylimidazolium hexafluo-
rophosphate, [BMIMPF6]. Ionic liquids were then re-
moved by mixing with Acetone and DMF92. Controlling
FIG. 4. (a) Graphene ink produced via LPE of graphite63. (b)
Graphene-based transparent and flexible conductive film. (c)
Graphene polymer composite produced via LPE of graphite in
water and mixed with Polyvinyl alcohol15,62. (d) Dip casting
of LPE graphene. The substrate is immersed in the graphene
dispersion/ink to obtain a uniform coverage6. (e) Rod coat-
ing of LPE graphene. In this coating process, a wire-covered
metal bar (Meyer bar) is used to apply in a controlled way
the graphene dispersion onto the substrate. (f) Spray coat-
ing. The graphene dispersion/ink is deposited through the air
onto the substrate by a spray (i.e. spray gun)67. (g) Ink-jet
printing is used to deposit droplets of graphene inks63 on sub-
strates with higher precision with respect to other approaches,
such as dip casting, rod and spray coating.
grinding time and IL quantity, Ref.[92] reported graphitic
quantum dots (GQDs) with size from 9 to 20nm and
thickness between 1 and 5nm.
An alternative process is non-covalent functionaliza-
tion with 1-pyrenecarboxylic acid, as reported in Ref.95.
However, Ref.[95] only achieved a mixture of SLGs and
FLGs. Thus, work is still needed to improve YM .
LPE is cheap and easily scalable, and does not require
expensive growth substrates. Furthermore it is an ideal
means to produce inks63 (Fig.4a), thin films58 (Fig.4b),
and composites15,62 (Fig.4c). The resulting material can
be deposited on different substrates (rigid and flexible)
by drop and dip casting6 (Fig.4d), rod coating (Fig.4e),
spray coating67 (Fig.4f), screen and ink-jet printing63
(Fig.4g), vacuum filtration58, Langmuir-Blodgett96, and
other techniques discussed in Sect.II A 7.
LPE flakes have limited size due to both the exfolia-
7tion procedure, that induces in-plane fracture, and the
purification process, which separates large un-exfoliated
flakes. To date, LPE-SLGs have area mostly below 1µm2
[Refs.58, 59, 61–63, 65, 66, and 76].
Liquid phase exfoliation can also be optimized to
produce graphene nanoribbons (GNRs), with widths
<10nm97. Ref.[97] ultrasonicated expanded graphite98,
i.e. with larger interlayer distance with respect to
graphite due to intercalation of nitric99 and sulfuric
acid100. Expanded graphite was dispersed in a 1,2-
dichloroethane solution of poly(m-phenylenevinylene-co-
2,5-dioctoxy-p-phenylenevinylene), ultrasonicated and
ultracentrifuged, resulting in a combination of flakes and
GNRs of different shapes. However, the GNR production
mechanism via LPE of graphite is not well understood.
Thus, more work is needed to fully understand and im-
prove GNRs production via LPE.
2. LPE of graphite oxide
LPE is a versatile technique and can be exploited not
only for the exfoliation of pristine graphite as reported
in Sect.I B 1 but also for the exfoliation of graphite oxide
and graphite intercalated compounds (GICs), which have
different properties with respect to pristine graphite.
The oxidation of graphite in the presence of potassium
chlorate (KClO3) and fuming nitric acid was developed
by Brodie in 1859 while investigating the reactivity of
graphite flakes101. This process involved successive ox-
idative treatments of graphite in different reactors101. In
1898, Staudenmaier modified Brodie’s process by using
concentrated sulphuric acid and adding KClO3 in suc-
cessive steps during the reaction102. This allowed car-
rying out the reaction in a single vessel, streamlining
the production process103. However, both methods were
time consuming and hazardous, as they also yielded chlo-
rine dioxide (ClO2) gas
104, which can explosively decom-
pose into oxygen and chlorine104. Graphite oxide flakes
were already investigated by Kohlschtter and Haenni in
1918105, and the first TEM images reported in 1948 by
Ruess and Vogt106 showed the presence of single GO
sheets. In 1958, Hummers modified the process using
a mixture of sulphuric acid, sodium nitrate and potas-
sium permanganate107. Avoiding KClO3 made the pro-
cess safer, quicker, with no explosive byproducts107.
These aggressive chemical processes disrupt the sp2-
bonded network and introduce hydroxyl or epoxide
groups108–110 in the basal plane, while carbonyl and
carboxylic groups, together with lactone, phenol and
quinone attach to the edges (see Fig.5). However, the
introduction of these functional groups is essential for
the GO production and subsequent liquid dispersion.
GO flakes can be prepared via sonication97,111,
stirring112, thermal expansion113, etc., of graphite oxide.
The aforementioned functional groups make GO flakes
strongly hydrophilic, allowing their dispersion in pure
water97,111, organic solvents112–114, aqueous mixtures
with methanol, acetone, acetonitrile115 or 1-propanol
and ethylene glycol116. However, although large GO
flakes, up to several microns117, can be produced, they
are defective108 and insulating, with sheet resistance
(Rs)∼1012Ω/, or higher118.
GO is luminescent under continuous wave
irradiation119. Visible excitation gives a broad
photoluminescence (PL) spectrum from visible to
near-infrared120, while blue emission121 is detected
upon ultraviolet (UV) excitation. This makes GO an
interesting material for lighting applications (e.g. light
emitting devices122) and bio-imaging120.
Several processes have been developed to chemi-
cally ”reduce” the GO flakes, i.e. decrease the ox-
idation state of the oxygen-containing groups in or-
der to re-establish an electrical and thermal con-
ductivity as close as possible to pristine graphene.
In 1962, the reduction of graphite oxide in alka-
line dispersions was proposed for the production of
thin (down to single layer) graphite lamellaes110,123.
Other methods involve treatments by hydrazine97,124,
hydrides116,125, p-phynylene126, hydroquinone125 etc, as
well as dehydration127 or thermal reduction108,113,128.
UV-assisted photocatalyst reduction of GO was also
proposed129, whereby GO reduces as it accepts electrons
from UV irradiated TiO2 nanoparticles
129.
The charge transport in RGO is believed to take
place via variable-range hopping (VRH)121,130. Indi-
vidual RGO sheets have been prepared with electrical
conductivity (σ) ∼350Scm−1 [131], while higher val-
ues (1314Scm−1) were achieved in thin films132, be-
cause in the latter RGO flakes are equivalent to re-
sistors in parallel124. These σ are much bigger than
organic semiconductors (e.g. poly(β’-dodecyloxy(-α,α’-
α’,α”-)terthienyl) (poly(DOT)) ∼10−3Scm−1 for a sam-
ple doped to∼1021cm−3)133.
It is important to differentiate between dispersion-
processed flakes, retaining the graphene electronic prop-
erties, such as those reported in Refs.[58, 59, 61–63, 65–
67], and GO flakes, such as those in Refs.[97, 111–114].
Indeed, GO can have σ as low as∼10−5Scm−1[97], while
LPE graphene can feature σ up to∼104Scm−1 [67].
GO and RGO can be deposited on different substrates
with the same techniques used for LPE graphene, dis-
cussed in Sect.[II A 7]. GO and RGO are ideal for
composites134, due the presence of functional groups,
which can link polymers134.
Ref.[135] reported RGO sheets with σ ∼103Sm−1, high
flexibility, and surface areas comparable to SLG, thus
interesting for a range of electronic and optoelectronic
applications. Thin films of RGO have been tested as
field-effect transistors (FETs)136, transparent conducting
films (TCFs)137, electro-active layers138, solar cells139,
ultrafast lasers140,141, etc. Patterning has been used to
create conductive RGO-based electrodes121.
8FIG. 5. GO synthesis and reduction. Graphite can be oxidized with different procedures in the presence of strong acids. The
GO flakes have the plane functionalized with epoxy and hydroxyl groups both above and below and at the edges115,121. A
partial recovery of the electronic properties can be reached following a reduction treatment97,108,112–115. However, none of the
current approaches can fully remove the defects.
FIG. 6. Graphite intercalation compounds. In stage 1, SLG
alternate with intercalant layers. In stage 2, stage 3, etc, 2,
3, etc. graphene layers separate two intercalant layers
3. LPE of intercalated graphite
GIC are formed by periodic insertion of atomic
or molecular species (intercalants) between graphite
layers142–144. GICs are classified in terms of ”staging”
index m, i.e. the number of graphene layers between two
intercalant layers. Thus, e.g., a stage 3 GIC (see Fig.6)
has each 3 adjacent graphene layers sandwiched by 2 in-
tercalant layers142 (the latter can also be more than 1
atom thick).
Ref.[142 and 143] summarized the historical develop-
ment of GICs. The production of GICs started in the
mid-1800s with the seminal work of Schaffautl in 1841145.
The first m determination by X-Ray diffraction was done
in 1931 by Hoffman and Fenzel146. Systematic studies
started in the late 1970s.
Intercalation of atoms or molecules with different m
gives rise to a wide variety of electrical142, thermal142 and
magnetic properties142. GICs have potential as highly
conductive materials142,147–149. GICs with metal chloride
or pentafluoride intercalants, such as Antimony pentaflu-
oride (SbF5) and Arsenic pentafluoride (AsF5), received
much interest since the 1970s142,147–149. E.g., AsF5
GICs has slightly higher σ (6.3×105Scm−1)147 than bulk
Cu148,149 (5.9×105Scm−1)147, while the graphite in plane
σ is∼4.5×104Scm−1 [150]. The σ increase is assigned to
injection of carriers from the intercalate layer, with low
mobility, to the graphite layers, with high mobility142.
GICs can be superconducting151 with transition tem-
peratures up to 11.5K for CaC6 GICs at ambient
pressure152, and higher with increasing pressure153.
GICs are also promising for hydrogen storage, due to a
larger interlayer spacing154. GICs are already commer-
cialized in batteries155, in particular, in Li-ion batteries
since the 1970s156–159. GICs have also been used as neg-
ative electrodes (anode during discharge) in Li-ion bat-
teries with the introduction of solid electrolytes160,161.
A number of approaches have been developed over
the years for GIC production, starting from solid162,
liquid163 or gaseous reagents164. Intercalation requires a
high vapor pressure (i.e.∼3-5atm) to enable intercalants
to penetrate between the graphite layers142,164. The
most common production strategies include two-zone va-
por transport142,162,165, exploiting T differences between
graphite and intercalants164 and, sometimes, the pres-
ence of gases164, e.g. Cl2 for intercalation of AlCl3
142.
GICs can be produced in single (for binary or ternary
GICs) or multiple steps, the latter when direct interca-
lation is not possible166. Hundreds of GICs with donor
(alkali, alkali earth metals, lanthanides, metal alloys or
ternary compounds, etc.) or acceptor intercalants (i.e.
halogens, halogen mixtures, metal chlorides, acidic ox-
ides, etc.) have been reported142,165.
The intercalation process increases the graphite inter-
layer spacing, especially for low stage index GICs167,168.
E.g., K, Rb or Cs-GICs have interlayer distance∼0.53-
0.59nm, while larger intercalants, such as dimethylsul-
foxide, give an interlayer distance∼0.9nm168, i.e. 1.5
to∼3 times larger than the∼0.34nm spacing in pris-
tine graphite. This makes GICs promising starting
materials to produce graphene via LPE, even without
9ultrasonication64,167–170. However, although the exfolia-
tion process is often called spontaneous64,170, due to the
absence of an ultrasonication step, it requires mechani-
cal energy, often provided by stirring64,170. To date it is
possible to exfoliate GICs with lateral sizes∼20µ,m with
YM ∼90%169, and mobilities of ∼tens cm2V−1[169].
Note that many GICs tend to oxidize in air142,171, and
require a controlled ambient for their processing142,171.
This, coupled with the additional steps for GIC produc-
tion, is one of the primary reasons why GICs are not yet
extensively used to produce graphene via LPE. However,
Ref.[172] recently reported FeCl3 intercalated FLGs air-
stable for up to one year.
C. Growth on SiC
The production of graphite from SiC, Fig.1e, was re-
ported by Acheson as early as 1896 (Ref.173) for lu-
bricant applications173. The growth mechanism has
been investigated since the 1960s174,175. Both surfaces
(Si(0001)- and C(000-1)-terminated) annealed at high
temperature (>1000◦C) under ultra-high vacuum (UHV)
graphitize due to the evaporation of Si176,177. Refs.[178
and 179] reported the production of graphene films by
thermal decomposition of SiC above 1000◦C. Thermal
decomposition is not self-limiting179, and areas of differ-
ent thicknesses may exist on the same SiC crystal179.
On the Si(0001)-face, graphene grows on a C-rich
6
√
3 × 6
√
3 R30◦ reconstruction with respect to the
SiC surface180, called ”buffer layer”180. This consists
of C atoms arranged in a graphene-like honeycomb
structure180, but without graphene-like electronic prop-
erties, because∼30% are covalently bonded to Si180,181.
The buffer layer can be decoupled from the Si(0001)-
face by hydrogen intercalation182–184 becoming a quasi-
free-standing SLG with typical linear π bands182.
Growth of graphene on SiC is referred to as ”epitaxial
growth”185 even though there is a very large lattice mis-
match between SiC (3.073A˚) and graphene (2.46A˚), and
carbon rearranges in a hexagonal structure as Si evapo-
rates from the SiC substrate, rather than being deposited
on the SiC surface as would happen in a traditional epi-
taxial growth process. The term ”epitaxy” derives from
the Greek, the prefix epi means ”over” or ”upon” and
taxis means ”order” or ”arrangement”. In 1928 Royer
[186] used the term ”epitaxy” referring to the ”oriented
growth of one substance on the crystal surface of a foreign
substance”. If the growing crystal and the substrate have
the same lattice constants these are lattice matched187.
The use of ”epitaxial” as the adjectival form of epitaxy
has been subjected to some criticism already in the six-
ties, because it is incorrect from the philological point of
view188. Epitactic is the correct form188. In 1965 epitaxic
was recommended by Ref.[189]. However, the word ”epi-
taxial” is now widely used, and any attempt to change
it is unrealistic. We will thus use ”epitaxial” as adjec-
tival form of epitaxy. There are two epitaxial processes,
depending on the substrate: homo- and hetero-epitaxy.
In the case of homoepitaxy the substrate is of the same
composition and structure as the growing film, whereas
in heteroepitaxy the substrate is of a different composi-
tion, and may not be perfectly lattice matched.
It would be desirable to grow graphene on a lattice
matched isostructural substrate, in order to minimize
defects, like misfit dislocations, as in the case of tradi-
tional semiconductors190. However, with the exception
of graphite, where the growth would be referred to as
homoepitaxy and is not useful or practical for obvious
reasons, there are few substrates that are isostructural
and nearly lattice matched with graphene. There are
two potential subtrates that might meet the aforemen-
tioned requirement, h-BN and hexagonal closed packed
(hcp) Co. h-BN has the lowest lattice mismatch∼1.7%.
Cobalt metal (hcp at T<400◦C) also has a small lattice
mismatch∼2%. There are other hcp metals like Ru, Hf,
Ti, Zr but these have much larger lattice mismatch191
than that between Co and graphene. Face center cu-
bic metals like Ni, Cu, Pd, Rh, Ag, Au, Pt and Ir
have a range of lattice mismatch on the (111) planes.
Therefore, from an epitaxial growth perspective, it would
be desirable to grow on oriented single crystal Co (see
Sect.I D,I E) as performed by Ref.192. Growth on Co
would also require transfer to other non-metallic sub-
trates, as discussed later. SiC could be ideal, were it not
for the fact that the lattice mismatch between graphene
and SiC is also very large,∼25%, both for 4H-SiC (Si-
face) and 6H-SiC (C-face). Perhaps it is not appropriate
to call graphene growth on SiC epitaxial, but this is what
numerous papers do. There have been reports of growth
of layered materials on highly non-lattice-matched sub-
strates as buffer layers, due to their weak bonding to the
underlying substrates193–195. In this case the films grow
parallel to the substrate because of the anisotropic na-
ture of their chemical bonds. Growth of graphene on SiC
might be described in a similar manner193–195.
The growth rate of graphene on SiC depends on the
specific polar SiC crystal face196,197. Graphene forms
much faster on the C- than on the Si-face196,197. On
the C-face, larger domains (∼200nm) of multilayered, ro-
tationally disordered graphene are produced198,199. On
the Si-face, UHV annealing leads to small domains,∼30-
100nm198,199. The small-grain structure is attributed to
morphological changes of the surface during annealing179.
Different strategies have been proposed to control the
Si sublimation rate. Ref.[200] used Si vapors to establish
thermodynamic equilibrium between SiC and external Si
vapor, in order to vary the transition T from the Si-rich
(3×3) to the C-rich (6
√
3×6
√
3R30◦) phase, and final
graphene layer. The resulting domains were an order of
magnitude larger than those grown under UHV182.
Ref.[179] used the ”light bulb method” to grow
graphene, exploiting a 80-year old process first devel-
oped to extend the lifetime of incandescent lightbulb
filaments201. This uses Ar in a furnace at near ambi-
ent pressure (1 bar) to reduce the Si sublimation rate.
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Indeed, in Ar no sublimation is observed until 1500◦C,
whereas Si desorption starts at 1150◦C in UHV179, thus
enhancing surface diffusion, with complete surface re-
structuring before graphene formation179. The resulting
films on the Si-face have∼50µm domains179, almost 3 or-
ders of magnitude larger than in UHV annealing198,199.
Si sublimation can also be controlled by confining SiC
in an enclosure (either in vacuum196 or inert gas196) lim-
iting Si escape, maintaining a high Si vapor pressure.
This keeps the process close to thermodynamic equilib-
rium, resulting in either SLG196 or FLG196 over large
(cm scale) areas, both on Si-[196] and C-faces[196]. High
T annealing of SiC can also give GNRs and GQDs202,203.
To date, graphene grown on the Si-face has a RT mo-
bility up to∼500-2000cm2V−1s−1[196], with higher val-
ues on the C-face (∼10000-30000cm2V−1s−1)196,197,199.
For near-intrinsic samples (8.5×1010cm−2)204 RT mo-
bilities up to∼150000cm2V−1s−1 on the C-face205
and∼5800cm2V−1s−1 on the Si-face205 were reported.
Graphene on SiC has the benefit that SiC is an estab-
lished substrate for high frequency electronics206, light
emitting devices206, and radiation hard devices206. Top-
gated transistors have been fabricated from graphene
on SiC on a wafer scale207. High frequency transis-
tors have also been demonstrated with 100GHz cut-off
frequency208, higher than state-of-the-art Si transistors
of the same gate length209. Graphene on SiC has been
developed as a novel resistance standard based on the
quantum Hall effect (QHE)2,3,210.
A drawback for this technology to achieve large scale
production equivalent to that in the present Si technol-
ogy, is the SiC wafers cost (∼ $150-250 for 2”211 at 2011
prices, compared to∼ $5-10 for same size Si) and their
smaller size (usually no larger than 4”211) compared to
Si wafers. One approach to reduce substrate costs is to
grow thin SiC layers on sapphire, the latter costing less
than∼ $10 for 2”212, and subsequently perform thermal
decomposition to yield FLG213. Thus far, FLGs pro-
duced in this way have inferior structural and electronic
quality compared to those on bulk SiC. Another approach
is to grow SiC on Si214. However SiC on Si is usually
cubic215–218, making it challenging to achieve continuous
high quality graphene, due to bowing and film cracking
as a consequence of high residual stress219,220. Ref.[221]
grew SLG on 3C-SiC(111) with domains∼100µm2, by
combining atmospheric pressure growth179 with hydro-
gen intercalation183, demonstrating that large area do-
mains can also be grown on 3C-SiC(111).
D. Growth on metals by precipitation
The first reports of synthetic growth of graphite, i.e.
not extracted from mined natural sources, on transition
metals date back to the early 1940s222,223. However, the
details of the growth process were not elucidated un-
til the 1970s, when Shelton et al.[224] identified, via a
combination of Auger and low-energy electron diffraction
(LEED), SLG formed from carbon precipitation, follow-
ing high T annealing of Co, Pt, Ni. Graphite can also be
obtained from carbon saturated molten Fe during the for-
mation of steel225. In this process, Fe is supersaturated
with carbon, and the excess carbon precipitates225. This
is usually referred to as ”Kish graphite”226, from the Ger-
man ”Kies”, used by steel workers to refer to the ”mix-
ture of graphite and slag separated from and floating on
the surface of molten pig iron or cast iron as it cools”227.
The amount of carbon that can be dissolved in most
metals is up to a few atomic percent228. In order to
eliminate the competition between forming a carbide and
graphite/graphene growth, the use of non-carbide form-
ing metals, e.g. Cu, Ni, Au, Pt, Ir, is preferred229. Ele-
ments like Ti, Ta, Hf, Zr and Si, etc. form thermally sta-
ble carbides, as shown by the phase diagram230–234, thus
are not ”ideal” for graphite/graphene growth. Moreover,
all have a large (>20%) lattice mismatch with graphene.
Carbon can be deposited on the metal surface by a
number of techniques, flash evaporation, physical va-
por deposition (PVD), chemical vapor deposition (CVD),
spin coating. The carbon source can be a solid235,236,
liquid237–239 or gas240. In the case of pure carbon, flash
evaporation241 or PVD242, can be used to deposit carbon
directly on the substrate of interest, before diffusion at
high T, followed by precipitation of graphite (graphene)
upon cooling. When the solid source is a polymer, it can
be spun on the metal substrate at RT, followed by high
T annealing and growth236, as mentioned above.
The growth process on Ni was first investigated in 1974
in Ref.[224]. They observed SLG on Ni(111) at T>1000K
by Auger analysis, followed by graphite formation upon
cooling. During high T annealing, carbon diffuses into
the metal until it reaches the solubility limit. Upon
cooling, carbon precipitates forming first graphene, see
Fig.1f, then graphite224. The graphite film thickness de-
pends on the metal, the solubility of carbon in that metal,
the T at which the carbon is introduced, the thickness of
the metal and the cooling rate.
There has been an effort to try and use inexpensive
metals to grow large area (cm scale) graphene, such as
Ni243–246 and Co247 , while growth on noble metals such
as Ir248, Pt249, Ru250–253, and Pd249,254, was performed
primarily to study the growth mechanism255–259, and/or
obtain samples suitable for fundamental studies, e.g. for
scanning tunneling microscopy (STM)252,253,260, requir-
ing a conductive substrate.
Growth of graphene on Ni243–246,261, Co247, Ru251,
etc. was also reported by so-called chemical vapor de-
position at high temperature, using various hydrocarbon
precursors243–247. However, the CVD process referred
to in the aforementioned papers is a misnomer, since
graphene is not directly produced on the metal surface
by the reaction and deposition of the precursor at the
”growth T”, but rather grows by carbon segregation from
the metal bulk, as a result of carbon supersaturation in
the solid, as discussed above224,240.
For lattice mismatches between graphene and sub-
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strate below 2%, commensurate superstructures, where
the resulting symmetry (between graphene and sub-
strate) is a doubling of the unit cell along one axis (i.e.
1/2, 0,0), are formed261. This is the case in Co(0001)262.
Larger mismatches yield incommensurate (i.e. with total
loss of symmetry in a particular direction, i.e.(0.528,0,0))
Moire` superstructures, such as in Pt(111)263, Ir(111)264,
or Ru(0001)255. E.g., high-T segregation of C on
Ru(0001) gives a spread of orientations255. Also, the
graphene/Ru lattice mismatch260 gives a distribution of
tensile and compressive strains265, thus causing corruga-
tion, with a roughness∼2A˚265. The Moire` superstructure
could be eliminated by adsorption of oxygen266, since this
weakens the graphene interaction with the substrate266.
Growth of graphene by precipitation requires careful
control of the metal thickness, T, annealing time, cool-
ing rate, and metal microstructure. Recently, Ref.[251]
reported growth on Ni, Co and Ru on sapphire. Through
the suppression of grain boundaries, Ref.[251] demon-
strated uniform growth on Ru by a surface catalyzed re-
action of hydrocarbons, but not on Ni and Co251. Both
SLG and FLG were observed on Ni and Co, presumably
due to the higher solubility of carbon and incorporation
kinetics in comparison to Ru at the same T251. How-
ever, Ref.[192] grew graphene on epitaxial Co on sap-
phire, achieving SLGs, in contrast to FLGs in Ref.[251].
An alternative strategy for SLG growth on high C solubil-
ity substrates was proposed by Ref.[267], using a binary
alloy (Ni-Mo). The Mo component of the alloy traps all
the dissolved excess C atoms, forming molybdenum car-
bides and suppressing C precipitation267. Graphene was
also grown on epitaxial Ru(0001) on sapphire268.
One of the shortcomings of the growth on metals is
that most applications require graphene on an insulat-
ing substrate. Ref.[269] suggested that graphene can be
grown directly on SiO2 by the precipitation of carbon
from a Ni film deposited on the dielectric surface. This
process has promise but needs further refinement.
E. Chemical vapor deposition (CVD)
CVD is a process widely used to deposit or grow thin
films, crystalline or amorphous, from solid, liquid or
gaseous precursors of many materials. CVD has been the
workhorse for depositing many materials used in semi-
conductor devices for several decades270.
The type of precursor is usually dictated by what is
available, what yields the desired film, and what is cost
effective for the specific application. There are many
different types of CVD processes: thermal, plasma en-
hanced (PECVD), cold wall, hot wall, reactive, and many
more. Again, the type depends on the available precur-
sors, the material quality, the thickness, and the struc-
ture needed, plus it is important to keep in mind that
cost is an essential part of selecting a specific process.
The main difference in the CVD equipment for the dif-
ferent precursor types is the gas delivery system271. In
the case of solid precursors, the solid can be either vapor-
ized and then transported to the deposition chamber271,
or dissolved using an appropriate solvent271, delivered to
a vaporizer271, and then transported to the deposition
chamber271. The transport of the precursor can also be
aided by a carrier gas271. Depending on the desired de-
position T, precursor reactivity, or desired growth rate, it
may be necessary to introduce an external energy source
to aid precursor decomposition.
One of the most common and inexpensive production
methods is PECVD. The creation of plasma of the re-
acting gaseous precursors allows deposition at lower T
with respect to thermal CVD. However, since plasma
can damage the growing material, one needs to design
the equipment and select process regimes that minimize
this damage. The details of the growth process are usu-
ally complex, and in many cases not all of the reactions
are well understood. There are many different ways to
perform plasma assisted CVD and it is not the objective
of this review to cover all of them (see Ref.[272] for an
overview). It is however important to match the equip-
ment design with the material one is trying to deposit
and the precursor chemistry. Graphene should be sim-
pler than multi-component systems, since it is a single el-
ement material. As with many other materials, graphene
growth can be performed using a wide variety of pre-
cursors, liquids, gases, solids, growth chamber designs,
thermal-CVD or PECVD, over a wide range of chamber
pressures and substrate T. In the next sections we will
describe CVD of graphene on metals and dielectrics.
1. Thermal CVD on metals
In 1966 Karu and Beer[240] used Ni exposed to
methane at T=900◦C to form thin graphite, to be used
as sample support for electron microscopy. In 1971,
Perdereau and Rhead273 observed the formation of FLG
via evaporation of C from a graphite rod273. In 1984
Kholin et al.[274] performed what may be the first CVD
graphene growth on a metal surface, Ir, to study the
catalytic and thermionic properties of Ir in the presence
of carbon275. Since then, other groups exposed metals,
such as single crystal Ir261,276, to carbon precursors and
studied the formation of graphitic films in UHV systems.
The first studies of graphene growth on metals pri-
marily targeted the understanding of the catalytic and
thermionic activities of the metal surfaces in the presence
of carbon277. After 2004, the focus shifted to the actual
growth of graphene. Low pressure chemical vapor depo-
sition (LPCVD) on Ir(111) single crystals using an ethy-
lene precursor was found to yield graphene structurally
coherent even over the Ir step edges261. While Ir can
certainly be used to grow graphene by CVD, see Fig.1g,
because of its low carbon solubility228, it is difficult to
transfer graphene to other substrates because of its chem-
ical inertness. Ir is also very expensive. Growth on Ni243
and Co247,278, metals compatible with Si processing since
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they have been used for silicides for over a decade279–283,
and less expensive than Ir, poses a different challenge,
i.e. FLGs are usually grown240,243–247,276, and SLGs
grow non-uniformly, as described in Sect.I D. Therefore,
while many papers claim CVD growth at high T on Ni
and Co240,243–247,276, the process is in fact carbon pre-
cipitation, not yielding uniform SLG, rather FLGs. The
shortcoming of high solubility or expensive and chemi-
cally unreactive metals motivated the search for processes
and substrates better suited to yield SLG.
The first CVD growth of uniform, large area (∼cm2)
graphene on metal was in 2009 by Ref.[229] on polycrys-
talline Cu foils, exploiting thermal catalytic decomposi-
tion of methane and low carbon solubility. This process
is almost self-limited, i.e. growth is suppressed as soon
as the Cu surface is fully covered with graphene, but
still with∼5% BLG and 3LG229,284. Large area graphene
growth was enabled principally by the low C solubility in
Cu285, and Cu mild catalytic activity286.
Growth of graphene on Cu by LPCVD was then
scaled up in 2010 by Ref.[9], increasing the Cu
foil size (30 inches), producing films with mo-
bility (η)∼7350cm2V−1s−1 at 6K. Large grain,∼20-
500µm, graphene on Cu with η ranging from∼16,400
to∼25,000cm2V−1s−1 at RT after transfer to SiO2
was reported in Refs.[287 and 288], and from∼27,000
to∼45,000cm2V−1s−1 on h-BN at RT287.
The current understanding of the growth mechanism
is as follows. Carbon atoms, after decomposition from
hydrocarbons, nucleate on Cu, and the nuclei grow into
large domains288,289. The nuclei density is principally a
function of T and pressure and, at low precursor pres-
sure, mTorr, and T>1000◦C, very large single crystal
domains,∼0.5mm are observed288,289. However, when
the Cu surface is fully covered, the films become polycrys-
talline, since the nuclei are not registered229,288,289,i.e.
they are mis-oriented or incommensurate with respect to
each other, even on the same Cu grain. This could be
ascribed to the low Cu-C binding energy290. It would
be desirable to have substrates such as Ru, with higher
binding energy with C290. However, while Ru is compat-
ible with Si processing291, oriented Ru films may be dif-
ficult to grow on large (300-450mm) diameter Si wafers,
or transferred from other substrates.
There are some difficult issues to deal with when
growing graphene on most metal substrates, especially
Cu, because of the difference in thermal expansion co-
efficient between Cu and graphene, of about an or-
der of magnitude292. The thermal mismatch gives
rise to a significant wrinkle density upon cooling284.
These wrinkles are defective, as determined by Raman
spectroscopy288, and may also cause significant device
degradation through defect scattering, similar to the ef-
fect of grain boundaries on mobility in semiconduct-
ing materials288. These defects however, may not be
detrimental for many non-electrically-active applications,
such as transparent electrodes. Perhaps one could use
cheaper substrates, such as Cu (Cu is cheaper than Ir,
Ru, Pt) and use an electrochemical process to remove
graphene while reusing Cu, so that the cost is amortized
over many growth runs. Because of some unattractive
properties (e.g. surface roughening and sublimation) of
Cu at the current thermal CVD growth T>1000◦C, the
community has been searching for new substrates that
take advantage of the self-limited growth process, in ad-
dition to dielectrics. Ref.[293] reported growth of SLG on
Ni(111) at lower T, 500-600◦C, using ethylene by UHV
CVD, and identified the process as self-limiting, presum-
ably due to the low C solubility in Ni at T<650◦C294.
However, the T range within which graphene can be
grown on Ni is very narrow, 100◦C293, and could re-
sult in a Ni2C phase
293, which can give rise to defects
within the Ni crystal. Thus one could surmise that any
graphene growing on the surface could be non-uniform
across the Ni-Ni2C regions.
Graphene was also grown on Cu by exposing it to
liquids or solid hydrocarbons236,295. Ref.[295] reported
growth using benzene in the T range 300-500◦C.
The process space for SLG-CVD growth is very wide
and depends on many factors, from substrate choice, to
specific growth conditions, as well as variables not under
direct control. It is critical to know the material require-
ments for specific applications, so that one can tune the
growth process/conditions to the application. Growth of
graphene on single crystal substrates would be a desired
route for improving electronic properties. Following the
growth of graphene on Cu, Ago et al. [192] developed a
Co deposition process to form highly crystalline Co on c-
plane sapphire, where they grew SLG by CVD at high T.
However they did not distinguish between face centered
cubic (fcc)(111)Co and hcp(0002)Co and did not com-
ment on potential phase transformation issues at T lower
than the fcc to hcp phase transition T∼400◦C. While this
approach may seem incompatible with Si processing, and
the material cost could be high, it is important to learn
how to take advantage of processes that enable growth
of higher quality graphene on stable surfaces, not neces-
sarily single crystals.
Another question is: can we controllably grow FLGs?
Catalytic decomposition of CO on various metals, such as
Fe, Cu, Ag, Mo, Cr, Rh, and Pd, was studied by Kehrer
and Leidheiser in 1954296. They detected graphitic car-
bon on Fe after exposure to CO for several hours at
550◦C, but found the other metals to be inactive. The
presence of BLG and TLG on Cu229 poses the question of
the growth process for these isolated regions, since at first
one would like to grow uniformly SLG. Growth of con-
trolled Bernal stacked films is not easy, but small regions
have been observed297. Ref.[297] reported homogenous
BLG by CVD on Cu. However, it is not clear whether
the films are of high enough quality for high performance
electronic devices, since Ref.[297] did not report D peak
Raman mapping, and η ∼580cm2 V−1 s−1 at RT. An-
other approach was proposed by Ref.[298], by increasing
the solubility of C in Cu via a solid solution with Ni,
forming the binary alloy, Cu-Ni. By controlling Ni per-
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centage, film thickness, solution T, and cooling rate, N
was controlled, enabling BLG growth298.
2. CVD on insulators
Electronic applications require graphene grown, de-
posited or transferred onto dielectric surfaces. To date,
with the exception of graphene grown on SiC by Si evap-
oration (see Sect.I C), SLG that can satisfy the most area
demanding applications, such as flat panel displays, was
grown solely on metals. It is unfortunate that SiC sub-
strates are expensive, of limited size, and that SiC can-
not be easily grown on Si or other useful substrates for
electronic devices. Therefore, it is necessary to develop
direct growth on dielectrics, not involving Si evaporation
at high T. Growth of high-quality graphene on insulating
substrates, such as SiO2, high-k dielectrics, h-BN, etc.
would be ideal for electronics. There have been many
attempts to grow on Si3N4
299, ZrO2
300, MgO301, SiC302,
and sapphire303. However, while graphitic regions are
observed at T<1000◦C, none of the processes yield, to
date, planar SLG films covering the whole surface300,303.
Ref.[304] used a method that involves spraying a solu-
tion of sodium ethoxide in ethanol under Ar atmosphere
into the hot zone (∼900◦C) of a tube furnace, where the
sodium ethoxide decomposes, and deposits on quartz or
Si as FLGs. The films on quartz have a Rs∼4.7KΩ/ and
transmittance∼76%. Ref. [304] used a similar procedure
(just a different concentration of sodium ethoxide) to pro-
duce graphene nanoplates in large quantity, soluble in liq-
uids. However, the Raman spectra clearly show the pres-
ence of very defective flakes304. Thus far, the best qual-
ity was achieved on sapphire303 (3000cm2V−1s−1 and
10500cm2V−1s−1 at RT and 2K, respectively). h-BN
was also shown to be an effective substrate305–308, with
promise for hetero-epitaxial growth of heterostructures
(e.g. graphene/h-BN)305,308.
3. Plasma enhanced CVD
Reducing the growth T is important for most applica-
tions, especially when considering the process for com-
plementary metal-oxide semiconductor (CMOS) devices.
The use of plasmas to reduce T during growth/deposition
was extensively exploited in the growth of nanotubes
and amorphous carbon309–315. Graphene was grown by
PECVD using methane at T as low as 500◦C316,317,
but the films had a significant D-band, thus with qual-
ity still not equivalent to exfoliated or thermal CVD
graphene316,317. Nevertheless, Ref.[316] demonstrates
that growth may be carried out at low T, and perhaps
the material can be used for applications not having the
stringent requirements of the electronics industry. E.g.,
Ref.[316] used PECVD at T=317◦C to make TCs with
Rs ∼2kΩ/ at 78% transmittance.
Inductively coupled plasma (ICP) CVD was also
used to grow graphene on 150mm Si318, achieving uni-
form films and good transport properties (i.e. η up
to∼9000cm2 V−1 s−1). This process is still under de-
velopment with, as of this writing, insufficient data on
the structure of the material.
In 1998 Ref.[319] reported SLG with a curved struc-
ture as a byproduct of PECVD of diamond-like car-
bon. A number of other groups later produced vertical
SLGs320 and FLGs321–326 by microwave PECVD on sev-
eral substrates, including non-catalytic, carbide forming
substrates, such as SiO2. SLGs and FLGs nucleate at
the substrate surface, but then continue to grow verti-
cally, perhaps because of the high concentration of car-
bon radicals316, thus resulting in high growth rate. This
material is promising for supercapacitors or other appli-
cations, such as field emission, not requiring planar films.
F. Molecular beam epitaxy
Molecular beam epitaxy (MBE) is widely used and well
suited for the deposition and growth of compound semi-
conductors, such as III-V, II-VI327. It was used to grow
graphitic layers with high purity carbon sources, Fig.1e,
on a variety of substrates such as SiC328, Al2O3
329,330,
Mica331,332, SiO2
331, Ni333, Si334, h-BN335, MgO336, ect.,
in the 400-1100◦C range. However, these films have a
large domain size distribution of defective crystals333,
with lack of layer control333, because MBE is not a
self-limited process relying on the reaction between the
deposited species327. Moreover, the reported RT η
is thus far very low(∼1cm2V−1s−1)329. Based on the
graphene growth mechanism that we have learned over
the past few years on metals229,244,261,284,286,289, specifi-
cally Cu9,229,289, it is unlikely that traditional MBE can
be used to make SLG of high enough quality to com-
pete with other processes discussed above. Since MBE
relies on atomic beams of elements impinging on the
substrate, it is difficult to prevent, say C, from being
deposited on areas where graphene has already grown.
Therefore, since MBE is a thermal process, the carbon is
expected to be deposited in the amorphous or nanocrys-
talline phase, rather than as graphene. One might how-
ever envisage the use of chemical beam epitaxy (CBE)337
to grow graphene in a catalytic mode, taking advantage
of the CBE ability to grow or deposit multiple materials,
such as dielectrics338 or layered materials, on the top of
graphene to form heterostructures.
G. Atomic layer epitaxy
Atomic layer epitaxy (ALE) has by large not been a
successful technique for semiconductor materials as is
MBE. Atomic layer deposition (ALD)339 on the other
hand has been extensively used over the past ten years
to produce thin layers of nano-crystalline binary metal ni-
trides (e.g. TaN, TiN)340,341, and high-k gate dielectrics
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such as HfO2
342. The ALD process can be used to grow
controllably very thin, less than 1 nm, films339, but to our
knowledge, single atomic layers have not been commonly
deposited on large areas.
Large area,∼cm2, graphene was grown by thermal
CVD9,229,289 and PECVD316,317 using hydrocarbon pre-
cursors. A process dealing with a specific precursor and
reactant could in principle be used in the ALE mode.
However, to date there are no reports, to the best of our
knowledge, of ALE-growth of graphene.
H. Heat-driven conversion of amorphous carbon
and other carbon-based films
Heat-driven conversion of amorphous carbon (a-C), hy-
drogenated a-C (a-C:H), tetrahedral a-C (ta-C), hydro-
genated (ta-C:H) and nitrogen doped (ta-C:N) ta-C (for
a full classification of amorphous carbons see Refs.[32
and 313]), to graphene could exploit the extensive know-
how on amorphous carbon deposition on any kind of sub-
strates (including dielectrics) developed over the past 40
years343. This process can be done following two main
approaches: 1) Annealing after deposition or 2) Anneal-
ing during the deposition.
Post-deposition annealing requires vacuum (<
10−4mbar)344–348 and T depending on the type of
amorphous carbon and the presence of other elements
such as nitrogen345,347 or hydrogen344,346–348. Ref.[344]
demonstrated that ta-C transitions from a sp3-rich to a
sp2-rich phase at 1100◦C, with a decrease in electrical
resistivity of 7 orders of magnitude from 107 to 1Ω
cm. A lower T suffices for a-C:H (∼300◦C)347 and
ta-C:H(∼450◦C)347. For ta-C:H a drastic reduction
of resistivity is observed from 100◦C (R∼1010Ωcm) to
900◦C (R=10−2Ω cm)346.
Refs.[349 and 350] used a current annealing process
for the conversion. However, they did not report the
resulting transport properties.
Annealing during deposition allows sp3 to sp2 transi-
tion to happen at lower T than post-deposition annealing
(∼200◦C)345,346,351,352. Ref.[351] reported a reduction
of resistivity of∼6 orders of magnitude (R∼108Ω cm at
RT and R∼102Ω cm at∼450◦C). As in the case of post-
processing, the presence of hydrogen (ta-C:H) or nitrogen
(ta-C:N) changes the transition T345. Ref.[345] demon-
strated transition for ta-C:N at∼200◦C, with a much
larger reduction, with respect to ta-C, of resistivity (∼11
orders of magnitude, R∼108Ω cm at RT and R∼10−3Ω
cm at∼250◦C, the latter R value comparing well with
RGO films132). However, unlike post-deposition anneal-
ing, annealing during deposition tends to give graphitic
domains perpendicular to the substrate346.
Heat-driven conversion can also be applied to self-
assembled monolayers (SAMs), composed of aromatic
rings353. Ref.[353] reported that a sequence of irradia-
tive and thermal treatments cross-links the SAMs and
then converts them into nanocrystalline graphene after
annealing at 900◦C. However, the graphene produced via
heat-driven conversion of SAM had defects and low mo-
bility (∼0.5cm2V−1s−1 at RT)353. Thus, albeit being
simple and cost effective, at the moment the quality of
the obtained material is poor, and more effort is needed
targeting reduction of structural defects.
I. Chemical synthesis
Graphene can also be chemically synthesized, assem-
bling polycyclic aromatic hydrocarbons (PAHs)354–356,
through surface-mediated reactions, Fig.1i.
Two approaches can be used. The first exploits
a dendritic precursor transformed in graphene by cy-
clodehydrogenation and planarization357. This produces
small domains, called nanographene (NG)357. The sec-
ond relies on PAH pyrolysis355,358. Other benzene-
based precursors, such as poly-dispersed hyperbranched
polyphenylene359, give larger flakes357.
PAHs can also be exploited to achieve atomically pre-
cise GNRs355,358 and GQD356. The first were syn-
thesized through oxidative cyclodehydrogenation with
FeCl3
357. The presence of alkyl chains makes these GNRs
soluble358. The formation of GQDs is more complex, and
starts from the synthesis of dendrimers356. More details
are in Ref.[356].
The formation of graphene, GNRs and GQDs is medi-
ated by a metal surface acting as catalyst for the thermal
reactions occurring at high T355.
Ref.[356] reported GNRs with well-defined band gap
and/or GQDs with tuneable absorption, and tested these
in solar cells. Chemical synthesis may ultimately al-
low a degree of control truly at the atomic level, while
still retaining scalability to large areas. However, NGs
tend to form insoluble aggregates due to strong inter-
flakes attraction354,356,357. An approach to solubilize
conjugated systems is lateral attachment of flexible side
chains356. This has been successful in solubilizing small
NGs354, while failing for larger ones354, because the
inter-graphene attraction overtakes the intermolecular
forces69. An alternative consists in covalent attachment
of multiple 1,3,5-trialkyl-substituted phenyl moieties to
NG edges to achieve highly soluble large GQDs356.
J. Nano-ribbons and quantum dots
Refs.[360 and 361] prepared GNRs by combining e-
beam lithography and oxygen plasma etching. GNRs
down to∼20nm were reported, with band gap∼30meV,
then used in FETs with ION/IOFF up to 10
3 at low T
(<5K) and∼10 at RT. Ref.[362] reported much smaller
GNRs, with minimum width∼1nm and gap∼500meV
produced by e-beam lithography and repeated over-
etching. Sub-10nm GNRs with bandgap up to 400meV
were produced via a chemical route97, consisting in the
dispersion of expanded graphite in liquid phase followed
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FIG. 7. Top-down fabrication of GNRs via (a) unzipping of
nanotubes (adapted from Ref.[364]), (b) STM lithography366,
(c) catalytic hydrogenation, using thermally activated Ni
nanoparticles, (d) exfoliation of chemically modified (adapted
from Ref.[372]) and (e) expanded graphite (adapted from
Ref.[97]). (f) Bottom-up fabrication of GNRs
by sonication. Used as channels in FETs, they achieved
ION/IOFF up to 10
7 at RT97. A solution-based oxida-
tive process was also reported363, producing GNRs by
lengthwise cutting and unraveling single (SWNTs) and
multiwall carbon nanotubes364, Fig.7a . As result of the
oxidative process, such GNRs show poor conductivity
(∼35S/cm) and low η (0.5-3cm2 V−1 s−1) at RT365.
Patterning of SLG into sub-10nm GNRs with predeter-
mined crystallographic orientation was achieved by STM
lithography366, Fig.7b, by applying a bias, higher than
for imaging, between STM tip and substrate, while mov-
ing the tip at constant velocity.
GNRs can also be formed without cutting. Ref.[367]
demonstrated that spatial selective hydrogenation can be
used to create graphene ”nanoroads”, i.e. conductive
paths of graphene surrounded by fully hydrogenated ar-
eas. Ref.[368] fabricated encapsulated∼35nm GNRs by
depositing a polymer mask via scanning probe lithog-
raphy, followed by chemical isolation of the underlying
GNR by fluorinating the uncovered graphene. These
GNRs retained the carrier mobility of non-patterned
graphene. Also, the fluorination is reversible, enabling
write-erase-rewrite. GNRs down to 12nm were produced
by local thermal reduction of GO by scanning probe369.
Sub-10nm GNRs were fabricated via catalytic hydro-
genation, using thermally activated Ni nanoparticles as
”knife”370,371 (Fig.7c). This allows cutting along specific
crystallographic directions, therefore the production of
GNRs with well-defined edges.
GNRs were also made via LPE of GICs372 (Fig.7d)
and expanded graphite97 (Fig.7e). Growth on controlled
facets on SiC resulted in 40nm GNRs and the integration
of 10,000 top-gated device on a single SiC chip373.
Chemical synthesis (Fig.7f) seems to be the most
promising route towards well-defined GNRs109. Atom-
ically precise GNRs were produced by surface-
assisted coupling of molecular precursors into
linear polyphenylenes and subsequent cyclo-de-
hydrogenation109. GNRs up to 40nm in length and solu-
ble in organic solvents, such as toluene, dichloromethane
and tetrahydrofuran, were synthesized358 from
polyphenylene precursors, having a non-rigid kinked
backbone, to introduce higher solubility than linear
poly(para-phenylene)374.
Another route to GNRs is the so-called nanowire
lithography375, consisting in the use of nanowires as
masks for anisotropic dry etching. GNRs smaller than
the wire itself can be fabricated via multiple etching375.
Also, the wire, consisting of a crystalline core surrounded
by a SiOx shell, can be used as self-aligned gate376.
Arrays of aligned GNRs have been produced by grow-
ing graphene by CVD on nanostructured Cu foils and
subsequently transferring on flat Si/SiO2 substrates
377.
The Cu structuring results in controlled wrinkling on
the transferred material377, which allows production of
aligned GNRs by plasma etching377.
Besides their semiconducting properties, GNRs show
other interesting properties, such, e.g., magnetoelectric
effects378. Also, half-metallic states can be induced in
zigzag GNRs subjected to an electric field379, chemically
modified zigzag GNRs or edge-functionalized armchair
GNRs380. Half-metals, with metallic behavior for elec-
trons with one spin orientation and insulating for the
opposite, may enable current spin-polarization379.
Another approach to tune the bandgap of graphene
relies in the production of GQDs356,381–386. These
have different electronic and optical properties with re-
spect to pristine graphene1,5 due to quantum confine-
ment and edge effects. Graphene oxide quantum dots
(GOQDs) have been produced via hydrothermal381 and
solvothermal382 methods, with lateral sizes∼10nm and
in the 5-25nm range, respectively. Another route to
produce GOQDs exploited the hydrazine hydrate reduc-
tion of small GO sheets with their surface passivated by
oligomeric polyethylene glycol (PEG)383. These GOQDs
show blue PL under 365nm excitation, while green fluo-
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rescence was observed with 980nm excitation383. GO-
QDs were also produced by electrochemical oxidation
of a graphene electrode in phosphate buffer solution384.
These have heights between 1 and 2nm and lateral size of
3-5nm384. A bottom-up approach was used by Ref.[385]
to produce GQDs by metal-catalysed opening of C60.
The fragmentation of the embedded C60 molecules at
T∼550◦C produced carbon clusters that underwent dif-
fusion and aggregation to form GQDs.
As reported in Sect.I I, GQDs can also be chem-
ically synthesized, assembling PAHs354,356, through
surface-mediated reactions. Ref.[386] exploited chem-
ical synthesis to produce GOQDs by using hexa-peri-
hexabenzocoronene (HBC) as precursor. The as-
prepared GOQDs with ordered morphology were ob-
tained by pyrolysis and exfoliation of large PAHs386. The
HBC powder was first pyrolyzed at a high T, then the ar-
tificial graphite was oxidized and exfoliated, followed by
reduction with hydrazine386. The obtained GOQDs had
diameter∼60nm and thickness∼23nm, with broad PL386.
II. GRAPHENE PROCESSING AFTER
PRODUCTION
A. Transfer, placement and shaping
The placement of graphene on arbitrary substrates is
key for applications and characterization. The ideal ap-
proach would be to directly grow graphene where re-
quired. However, as discussed above, we are still far from
this goal, especially in the case of non-metallic substrates.
Alternatively, a transfer procedure is necessary. This also
allows the assembly of novel devices and heterostructures,
with different stacked 2d crystals.
1. Suspended graphene
Graphene membranes are extremely sensitive to small
electrical signals362, forces or masses387 due to their ex-
tremely low mass and large surface-to-volume ratio, and
are ideal for nanoelectromechanical systems (NEMS).
Graphene membranes have also been used as support for
TEM imaging388 and as biosensors389,390. Nanopores in
SLGs membranes have been exploited for single-molecule
Deoxyribonucleic acid (DNA) translocation389, paving
the way to devices for genomic screening, in particular
DNA sequencing391,392. Thanks to its atomic thickness
graphene enables to detect variations between two bases
in DNA389, unlike conventional Si3N4 nanopores
393.
Freestanding graphene membranes were first reported
in Ref.28. Graphene samples were deposited by MC
onto Si+SiO2 substrates, then a grid was fabricated
on them by lithography and metal deposition. Si was
then etched by tetramethylammonium hydroxide, leav-
ing a metal cantilever with suspended graphene. This
process was originally developed to fabricate suspended
SWNT394. Ref.[395] used the same approach to fabricate
graphene membranes and study them by TEM. Ref.[396]
prepared mechanical resonators from SLG and FLG by
mechanically exfoliating graphite over trenches in SiO2.
Ref.[397] transferred graphene exfoliated either on SiO2
or polymer on TEM grids by first adhering the grid, and
subsequently etching the substrate. Ref.[16] fabricated
graphene membranes up to 100µm in diameter by exfoli-
ating graphite on a polymer and subsequently fabricating
a metal scaffolds on it by e-beam lithography and metal
evaporation. The polymer was then dissolved leaving sus-
pended graphene membranes16. A similar technique was
used in Ref.[398] to produce suspended sample to study
graphene’s optical transmission. Ref.[399] suspended
graphene by contacting it via lithography and subse-
quently etching a trench underneath. This approach al-
lowed to achieve ballistic transport at low T (∼4K)399
and the highest η to date (106cm2 V−1 s−1)43,400. Sus-
pending graphene drastically reduces electron scattering,
allowing the observation of fractional QHE (FQHE)3,401.
2. Transfer of individual layers
Several transfer processes have been developed so far
and can be classified either as ”wet” or ”dry”. The first
includes all procedures where graphene is in contact, at
some stage of the process, with a liquid. In the sec-
ond, one face of graphene is protected from contacting
any liquid, while the other is typically in contact with a
polymer, eventually dissolved by solvents.
3. Wet Transfer of exfoliated flakes
In 2004 Ref.[402] placed SWNTs onto arbitrary sub-
strates by transfer printing using poly(dimethysiloxane)
(PDMS) stamps. Ref.[403] reported transfer of vari-
ous nanostructures (such as SWNTs, ZnO nanowires,
gold nanosheets and polystyrene nanospheres) by means
of a poly(methyl methacrylate) (PMMA)-mediated pro-
cess. In 2008 Ref.[404] adapted this process to trans-
fer MC-graphene on various target substrates. The pro-
cess is based on a PMMA sacrificial layer spin-coated on
graphene. The polymer-coated sample is then immersed
in a NaOH solution, which partially etches the SiO2 sur-
face releasing the polymer. Graphene sticks to the poly-
mer, and can thus be transferred. PMMA is eventually
dissolved by acetone, thus releasing graphene.
Ref.[5] reported the deterministic placement of
graphene by exploiting a thin layer of water between the
PMMA/graphene foil and the substrate. Ref.[405] re-
ported transfer of nanostructures (including graphene)
embedded in a hydrophobic polymer. Also in this case,
intercalation of water at the polymer-substrate inter-
face was used to detach the polymer/nanostructures film,
then moved on a target substrate406.
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FIG. 8. Wet transfer: (a) MC-SLG on Si/SiO2. (b) A
PMMA film is deposited by spin coating. (c) The PMMA film
is detached either via NaOH etching or water intercalation.
Graphene adheres to the polymer and is removed from the
Si/SiO2 substrate. (d) The PMMA+graphene film is attached
to the target substrate. By sliding the PMMA+graphene film
with respect to the substrate, the selected flake can be aligned
with features, such as electrodes, cavities, etc. (e) Once the
sample has dried, (f) PMMA is dissolved by acetone releasing
the SLG on the target substrate. (g) A flake deposited onto
a BN crystal by wet transfer. Dry transfer: (h) graphene
is exfoliated onto a water-dissoluble polymer (such as PVA)
covered with PMMA. (i) The sample is left to float in a water
bath so that the water soluble layer is dissolved from the side.
(j) SLG on top of the stack never touches the water. (k) The
polymer+graphene film is attached to an holder and flipped
over. (l) By means of a manipulator, the flake of choice is
placed in the desired position on top of the desired substrate,
then the film is pressed on the target substrate. (m) PMMA
is dissolved leaving SLG in the desired position. (n) SLG
deposited onto BN by dry transfer [adapted from Ref.406]
FIG. 9. Isolation and shaping of graphene. (a) MC-SLGs
are always surrounded by thicker flakes. (b) A PMMA layer
is deposited and patterned via e-beam lithography to de-
fine a contour of the desired shape. The uncovered flakes
are removed by plasma etching. (c) The polymer film is re-
moved by immersion in DI water. The lithographically de-
fined graphene+PMMA island stays on the substrate. (d)
The remaining PMMA is dissolved leaving an isolated and
shaped graphene layer. (e) SLG surrounded by thicker flakes.
The same SLG flake (f) after patterning and etching and (g)
after PMMA removal. (h) Final isolated shaped SLG
Fig.8 shows the steps of a typical wet transfer pro-
cess, together with an optical picture of a graphene flake
transferred on a BN crystal. Deterministic transfer al-
lows fabrication of devices by placing flakes of choice onto
pre-patterned electrodes.
PMMA is a positive resist widely used for high reso-
lution e-beam lithography407. By patterning PMMA, it
is also possible to remove unwanted graphitic material
surrounding MC-SLGs, while shaping and isolating the
flakes of interest, Fig.9.
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4. Dry Transfer of exfoliated flakes
In order to fabricate heterostructures with clean in-
terfaces (i.e. without trapped adsorbates), dry trans-
fer methods have been developed. Ref.[406] reported a
mechanical transfer based on stacking two polymer lay-
ers, the bottom being water dissolvable and the top be-
ing PMMA. Graphene was exfoliated onto this polymer
stack and the sample floated on the surface of deion-
ized (DI) water, resulting in the detachment of the
PMMA+graphene film from the substrate. The upper
graphene face was not in contact with water, thus mini-
mizing contamination. The polymer+graphene film was
then collected and the alignment achieved using a mi-
cromanipulator. Ref.[46] used a similar technique to
encapsulate graphene between two h-BN layers, while
Ref.[408] reported an alternative technique based on a
glass/tape/copolymer stack.
Fig.8 summarizes both wet and dry transfer processes.
However, Ref.[409] reported that even dry transfer may
not result in perfectly clean interfaces, as some adsor-
bates may get trapped.
5. Transfer of graphene grown on metals
In 2009 Ref.[243] first reported the transfer of SLG
and FLG grown by precipitation on Ni, by depositing
a PMMA sacrificial layer and subsequently etching the
underlying Ni by aqueous HCl solution. Ref.[286] trans-
ferred films grown by CVD on Cu, etched by iron ni-
trite. Ref.[244] introduced etching by aqueous FeCl3 in
order to remove Ni without producing hydrogen bub-
bles, which may damage graphene when acid etching is
used. Ref.[244] also reported a technique where Poly-
dimethylsiloxane (PDMS) stamps are attached directly
to the graphene surface. Ni is then chemically etched by
FeCl3 leaving graphene attached to the PDMS. Graphene
is then transferred to SiO2 by pressing and peeling
the PDMS stamp. Ref.[9] introduced roll-to-roll (R2R)
transfer of graphene grown by CVD on Cu foils as large as
30x30 inches2, guided through a series of rolls: a thermal
release tape was attached to the Cu+graphene foil, and
then an etchant removed Cu. The tape+graphene film
was then attached to a (flexible) target substrate (e.g.
PET) and the supporting tape removed by heating, thus
releasing graphene onto the target substrate. In order to
avoid Fe contamination caused by FeCl3 etching, ammo-
nium persulfate [(NH4)2S2O8] was used
410. To avoid me-
chanically defects caused by R2R transfer, a hot pressing
process was developed411: similar to a R2R process, the
Cu+graphene foil is first attached to thermal release tape
and then Cu is chemically etched. The tape+graphene
foil is then placed on the target substrate and they are
inserted between two hot metal plates with controlled T
and pressure. This results in the detachment of the ad-
hesive tape with very low frictional stress, therefore less
defects, than a R2R process411.
6. Dielectrophoresis
Electrophoresis is a technique used for separating par-
ticles according to their size and electrical charge412. An
uniform electric current is passed through a medium that
contains the particles412. These travel through a medium
at a different rate, depending on their electrical charge
and size. Separation occurs based on these differences412.
Di-electrophoresis (DEP) is the migration of uncharged
particles towards the position of maximum field strength
in a non-uniform electric field413. The force in DEP de-
pends on the electrical properties of the particle and sur-
rounding fluid, the particle geometry, and electric field
frequency412. Particles move towards regions of high elec-
tric field strength (positive DEP) if their polarizability is
greater than the suspending medium412, whereas they
move in the opposite direction (negative DEP) if the po-
larizability is lower412. This allows fields of a particular
frequency to manipulate particles412, at the same time
assembling them on pre-defined location412.
In 2003 Ref.[414] reported large area deposition of
SWNTs between electrode pairs by DEP414. Subse-
quently, DEP was used for the separation of metallic (m-
SWNTs) and semiconducting (s-SWNTs)415, exploiting
their dielectric constants difference, resulting in opposite
movement of m-SWNTs and s-SWNTs415. These SWNT
processes were then adapted for graphene. Refs. [416 and
417] used DEP for the manipulation of GO soot, and
single- and few-layer GO flakes. In 2009 Ref.[418] placed
individual FLGs between pre-patterned electrodes via
DEP. Once trapped, the higher polarizability of graphene
compared to the surrounding medium418 limited the de-
position to one flake per device418,419. This self-limiting
nature is one of the advantages of this method, together
with the direct assembly of individual flakes at predeter-
mined locations. On the other hand, DEP does not allow
deposition/coating on large areas.
7. Placement of dispersions and inks
Dispersions or inks can be used in a variety of place-
ment methods, including vacuum filtration, spin and
spray coating, ink-jet printing and various R2R pro-
cesses. The latter are most attractive because of
their manufacturing characteristics, with transfer speeds
in excess of 5ms−1 currently used in a variety of
applications420. R2R consists in processing and print-
ing a rapidly moving substrate420,421. Generally, a flex-
ible substrate (e.g. paper, textile, polymer) is unrolled
from a source roller, coated (i.e. without patterning)
or printed (i.e. with patterning), with one or more
evaporated materials (e.g. dielectrics) or liquid inks
(e.g. inks containing polymers or nanoparticles), simul-
taneously or in sequence, and treated/cured while the
substrate continuously moves along the coating/printing
roller, before being rolled up again, or cut into individual
pieces/devices. Unlike assembly style ”pick and place”
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strategies, the continuous fabrication process makes R2R
a cheap technology421, ideal for high throughput coat-
ing, printing and packaging. R2R is a focus of research
in plastic electronics, because of its high throughout, and
low cost of ownership compared to other approaches (e.g.
conventional vacuum deposition and lithography pattern
technologies) with similar resolution422,423. A standard
R2R process may include evaporation, plasma etching,
spray or rod-coating, gravure, flexographic, screen or
inkjet printing and laser patterning420. In many R2R
processes, e.g., rod-coating or flexographic printing, so-
lution processing of the ink or material (e.g. poly-
mer, nanoparticles) is required, especially when they
cannot421 be evaporated at low T420,421,424.
Rod-coating employs a wire-wound bar, also known
as Mayer bar (invented by Charles W. Mayer who also
founded the Mayer Coating Machines Company in 1905
in Rochester, USA)421. This is a stainless steel rod
wound with a tight wire spiral, also made of stainless
steel. During coating, this creates a thin (∼tens µms)
ink layer on a substrate422. Spray coating forms aerosols,
resulting in uniform thin (∼µm) films on a substrate421.
Screen printing, on the other hand, uses a plate or screen
containing the pattern to be printed on the substrate421.
The screen is then placed onto the target substrate, while
the ink is spread across the screen using a blade, thus
transferring the pattern421. Flexo- and gravure424 print-
ing also use a plate to transfer images onto target sub-
strates. Flexo uses a relief plate, usually made of flex-
ible polymeric material, where the raised sections are
coated with ink, then transferred onto the substrate by
contact printing421. Gravure, derived from the Italian
word ”intaglio” that means engraved or cut-in, uses an
engraved metallic plate, consisting of dots representing
pixels421,425. The physical volume of the engraved dots
defines the amount of ink stored in them425, thus can be
used to create gray-scale patterns/images425. In general,
different viscosities are preferred for different R2R tech-
niques, ranging from 1mPas-10,000mPas or above421,425.
Rod- or spray-coating form uniform films, that may be
used for larger scale devices (>several cm), the fabri-
cation of TCs, or devices such as batteries or superca-
pacitors. Screen (∼50-100µm resolution421), flexographic
(∼40µm resolution421) and gravure (15µm resolution421)
printing can be used to print different materials with
specific patterns for flexible electronics425. For resolu-
tion down to∼50µm, inkjet printing offers a mask-less,
inexpensive and scalable low-T process426. The reso-
lution can be significantly enhanced (<500nm) by pre-
patterning the substrates426, so that the functionalized
patterns can act as barriers for the deposited droplets426.
The volume can be reduced to atto-liters/drop by pyro-
electrodynamic printing427. The process is based on the
control of local pyroelectric forces, activated by scanning
a hot tip or a laser beam over a functionalized substrate
(e.g. lithium niobate427), drawing droplets from the
reservoir, depositing them on the substrate underside427.
All the above techniques can be applied to graphene
inks/dispersions. Large scale placement of LPE graphene
can be achieved via vacuum filtration58, spin137 and
dip coating6, Langmuir-Blodgett96 and spray coating67.
Amongst the R2R techniques, rod-coating has been
demonstrated to fabricate TCs. Inkjet printing was
also reported63. The advantages of inkjet printing in-
clude greater ease of selective deposition and high con-
centration for partially soluble compounds428. Ref.[63]
reported an inkjet printed graphene TFT with η up
to∼95cm2V−1s−1, and 80% transmittance. Inkjet print-
ing of GO was also demonstrated429–432. To minimize
clustering of the flakes at the nozzle edge, these should
be smaller than 1/50 of the nozzle diameter[63].
B. Contamination and cleaning
Cleaning is a critical part of semiconductor device
processing433. It is usually performed after patterning
and etch processes leave residues433. Wet chemical etches
are also performed to remove damage from surfaces433.
Most applications require graphene on a dielectric sur-
face. When graphene is grown directly on a dielectric
as in the case of graphene on SiC [see Sect.I C] or when
graphene or GO is deposited on the dielectric substrate
directly[see Sect.II A 7], cleaning is required only after
patterning and etch processes as devices are fabricated.
Because every atom is a surface atom, graphene is very
sensitive to contaminants left by production, transfer or
fabrication processes. In order to remove them, several
methods have been developed.
1. Cleaning of graphene produced by MC
The amount of contamination can be assessed
optically434: organic contamination arising from the dif-
fusion of tape glue used in MC changes the contrast434.
TEM and scanning probe435,436 microscopies (e.g.
AFM, STM), Raman29,437, together with transport
measurements437, are other viable techniques to detect
contaminants on graphene films or flakes. Ref.[435]
cleaned MC samples from resist residuals by thermal an-
nealing (at 400◦C, in Ar/H2), assessing the quality of the
cleaning process via scanning probe techniques. Ref.[436]
introduced thermal annealing (at 280◦C) in ultra-high
vacuum (<1.5×10−10Torr), to remove resist residues and
other contaminants. Ref.[438] cleaned graphene by us-
ing high current (∼108A/cm2). This allows removal of
contamination in-situ, and is particularly useful when
graphene devices are measured in a cryostat438. Chemi-
cal cleaning by chloroform was reported in Ref.[437]. Me-
chanical cleaning by scanning the graphene surface with
an AFM tip in contact mode was also reported439.
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2. Cleaning after transfer
Cleaning is particularly important when transferring
flakes, as the processes typically involves sacrificial lay-
ers, to be chemically dissolved, see Sect.II A 4. Thermal
annealing in H2/Ar is normally used
46,409,440.
In graphene transfer from metals to dielectric surfaces,
organic materials such as PMMA or Perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA) are typically used
as the carrier material, with subsequent chemical re-
moval, e.g. by acetone229,286. Great care must be taken
to ensure that PMMA or PTCDA are completely re-
moved. Refs.[441 and 442] detected by XPS (X-ray pho-
toelectron spectroscopy) the presence of residue on the
surface of graphene grown on Cu and transferred onto
SiO2. The C1s spectrum was found broader than that of
graphite and the original graphene on Cu. The broaden-
ing was associated with the presence of the residue. Upon
annealing in high vacuum (1×10−9 mbar) at T∼300◦C,
the C1s width decreased to a value close to the orig-
inal graphene on Cu441,442. The use of thermal release
tape9 (i.e. a tape adhesive at RT, but that peels off when
heated), instead of PMMA or PTCDA, is more problem-
atic, since tape residues can contaminate the transferred
graphene9. There is some anecdotal evidence that the
presence of residue has a beneficial effect on the nucle-
ation of ALD dielectrics, such as Al2O3
443. However,
this approach to prepare the graphene surface for ALD
is not ideal, since the residues have uncontrolled chem-
ical nature and are not uniform. Ref.[444] developed a
modified RCA transfer method, combining an effective
metal cleaning process with control of the hydrophilicity
of the target substrates. RCA stands for Radio Corpora-
tion of America, the company that first developed a set
of wafer cleaning steps in the semiconductor industry433.
Ref.[444] demonstrated that RCA offers a better control
both on contamination and crack formation with respect
to the aforementioned approaches9,229,286.
3. Removal of solvents/surfactants in LPE graphene
For graphene and GO produced via LPE, the cleaning,
removal of solvents and/or surfactants, mainly depends
on the target applications. For composites (both for
mechanical134 and photonic14,15,62 applications) the pres-
ence of surfactants does not compromise the mechanical
and optical properties, thus their removal is not needed,
and is in fact essential to avoid agglomeration14,15,62,134.
Different is the situation when the applications require
high conductivity (>104Scm−1), i.e. TCFs. In this
case, the presence of solvents/surfactants compromises
the interflake connections, decreasing the electrical per-
formance. The solvents and the deposition strategy (see
Sect.II A 7) used for the TCFs production mostly de-
termines the cleaning procedure. In the case of TCFs
produced by vacuum filtration (i.e. on a cellulose fil-
ter membrane) of surfactant-assisted aqueous disper-
sions, the as-deposited graphene or RGO films are first
rinsed with water to wash out the surfactants59,65 and
then transferred from the membrane to the target sub-
strate. The membrane is then usually dissolved in ace-
tone and methanol445. For freestanding films, the de-
posited flakes are peeled off from the membrane59. The
films are then annealed at T>250◦C in Ar/N2
59 or air65.
The latter process could help remove residual surfactant
molecules59,65. However, there is not a ”fixed” T for
the removal of the solvents/surfactants, and the differ-
ent conditions/requirements are essentially ruled by the
boiling/melting points of each solvent/surfactant.
III. INORGANIC LAYERED COMPOUNDS
AND HYBRID STRUCTURES
A. 2d crystals
There are several layered materials, whose bulk prop-
erties were studied already in the sixties446, which retain
their stability down to monolayers, and whose properties
are complementary to those of graphene.
Transition metal oxides (TMOs) and transition metal
dichalcogenides (TMDs) have a layered structure446.
Atoms within each layer are held together by covalent
bonds, while van der Waals interactions hold the lay-
ers together446. LMs include a large number of systems
with interesting properties446. E.g., NiTe2 and VSe2
are semi-metals446, WS2, WSe2, MoS2, MoSe2, MoTe2,
TaS2, RhTe2, PdTe2 are semiconductors
446, h-BN, and
HfS2 are insulators, NbS2, NbSe2, NbTe2, and TaSe2 are
superconductors446; Bi2Se3, Bi2Te3 show thermoelectric
properties446 and may be topological insulators447.
Due to the weak bonding of the stacked layers446,
LMs were mainly used as solid lubricants because
of their tribological properties448. In addition, LMs
were also used as thermoelectric materials449, in
batteries450, electrochemical451 and photovoltaics (PV)
cells452, light emitting diodes453, as ion exchangers454,
photocatalysts455, etc.
Similar to graphite and graphene, the LM properties
are a function of N. E.g., bulk MoS2 has an indirect band
gap456, while a monolayer has a direct band gap457,458,
that could be exploited for optoelectronics459.
We now highlight the most promising routes for pro-
duction of 2d crystals and hybrids.
1. Micromechanical cleavage
As with graphene, individual layers can be made by
MC25. MC can involve a single crystal22, or a single
grain22, in the case of polycrystalline materials460. The
local scale dynamics of the fracture process is complex22
and depends on the crystal structure22. To date the lat-
eral size of 2d crystals produced via MC is∼10µm in h-
BN461, limited by the average crystal size of the start-
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ing material461. Similar size flakes (∼10µm) were also
achieved via MC of MoS2, WS2 and NbSe2
462.
As in the case of MC of graphite, MC of LMs is not
industrially scalable, and MC-flakes are mostly suited for
fundamental studies and proof of concept devices.
2. Laser ablation
Ref.[463] used laser pulses to ablate TMDs (MoS2)
down to a single-layer. Ref.[463] generated single layer-
MoS2 [1L-MoS2] in arbitrary shapes and patterns with
feature sizes down to 200nm, with electronic and opti-
cal properties comparable to MC-1L-MoS2
462. Indeed,
Ref.[463] reported similar PL emission between MC-1L-
MoS2 and laser thinned 1L-MoS2, and η up to 0.49cm
2
V−1 s−1 and 0.85cm2 V−1 s−1 for laser thinned and MC-
1L-MoS2, respectively.
3. Liquid Phase Exfoliation
LPE can exfoliate LMs in organic solvents464–469 and
aqueous solutions470,471, with470, or without471 surfac-
tants, or their mixtures472. The exfoliated sheets can
then be stabilized against re-aggregation either by inter-
action with solvent464, or through electrostatic repulsion
due to the adsorption of surfactant molecules87,470. In
the case of solvent stabilization, Ref.[464] showed that
the best solvents are those having surface tension match-
ing the surface energy of the target LM. The dispersions
can then produce inks with a variety of properties63, or
be used for processing in thin films and/or composites464.
Research is still at an early stage, and LPE must be
extended to a wider range of materials. To date, exfoli-
ated TMDs both in organic solvents464 and surfactant-
aqueous solutions470 tend to exist as multilayers464,470.
Yields can be defined for LPE of LMs in the same way
as done for graphene, see Sect.I B. Ref.[473] reported
YW=40% for MoS2 dispersions. To the best of our
knowledge, thus far no data exist for YM and YWM in
LPE TMOs and TMDs. In order to determine YW a
library of α for all LMs must be produced. To date,
α values were suggested only for few LMs, i.e. MoS2
(3400mLmg−1 m−1), WS2 (2756mLmg
−1 m−1) and BN
(2367mLmg−1 m−1)464. However, as in the case of
graphene, there is uncertainly in the determination of α.
E.g., Ref.[464] reported α ∼3400mLmg−1 m−1 for MoS2,
while Ref.[473] used 1020mL mg−1 m−1.
As in the case of graphene, the development of a sort-
ing strategy in centrifugal fields, both in lateral dimen-
sions and N, will be essential.
Refs.[453, 474–477] used intercalation of alkali metals
with TMD crystals (i.e. MoS2 and WS2) to increase the
inter-layer distance and facilitate exfoliation.
4. Synthesis by thin film techniques
A number of thin film processes can be brought to
bear on the growth of 2d crystals. These range from
PVD (e.g. sputtering), evaporation, vapor phase epi-
taxy, liquid phase epitaxy, chemical vapor epitaxy, MBE,
ALE, and many more, including plasma assisted pro-
cesses. The selection of the growth process depends
on the material properties needed and the application.
Each material has its own challenges and we do not aim
here to describe each one individually. However, we note
that, other than controlling the thickness and orienta-
tion of the films, their composition and stoichiometry is
of utmost importance, having large influence on trans-
port. As a result, great care must be taken in controlling
the point defect concentration. Low growth T (∼300◦C)
techniques are usually better suited in controlling the de-
fects arising from vacancies, since the vapor pressure of
the chalcogenide elements decreases exponentially with
T478. However, low T techniques tend to give higher
extended defect densities because of the lower atomic
mobility479. Therefore, the growth technique must be
selected to match the application very carefully.
To date, WS2 films have been deposited by magnetron
sputtering from both WS480 and WS2 targets
481, sulfu-
rization of W482 or WO2 films
483, ion beam mixing484,
etc. The preferred production process for tribological
applications is magnetron sputtering485, because of its
lower T than thermally activated deposition methods485.
Magnetron sputtering is also well suited for large area
deposition (∼m2)486. CVD was used to grow h-BN487,
and is now being developed to grow TMDs488. If single
layers of the binary films are desired, then ALD or, more
appropriately, ALE might be better suited.
5. 2d crystals nanoribbons
Nanoribbons based on 2d crystals can also be made,
with tuneable electrical and magnetic properties489,490.
MoS2 nanoribbons were produced via electrochemi-
cal/chemical synthesis489, while zigzag few- and single-
layer BN nanoribbons were produced via unzipping mul-
tiwall BN nanotubes through plasma etching490.
B. Graphene and other 2d crystals hybrids
Technological progress is determined, to a great ex-
tent, by developments in material science. The most
surprising breakthroughs are attained when a new type
of material, or new combinations of known materials,
with different dimensionality and functionality, are cre-
ated. Well-known examples are the transition from three-
dimensional (3d) semiconducting structures based on Ge
and Si to 2d semiconducting heterostructures, nowadays
the leading platform for microelectronics. Ultimately, the
limits and boundaries of certain applications are given by
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FIG. 10. Schematic hybrid superstructure
(SLG/BN/MoS2/BN/SLG).
the very properties of the materials naturally available to
us. Thus, the band-gap of Si dictates the voltages used in
computers, and the Young’s modulus of steel determines
the size of the construction beams. Heterostructures
based on 2d crystals will decouple the performance of par-
ticular devices from the properties of naturally available
materials. 2d crystals have a number of exciting proper-
ties, often unique and very different from those of their
three-dimensional (3d) counterparts. However, it is the
combinations of such 2d crystals in 3d stacks that offer
truly unlimited opportunities in designing the functional-
ities of such heterostructures. One can combine conduc-
tive, insulating, probably superconducting and magnetic
2d materials in one stack with atomic precision, fine-
tuning the performance of the resulting material. Fur-
thermore, the functionality of such stacks is ”embedded”
in the design of such heterostructures.
Heterostructures have already played a crucial role
in technology, giving us semiconductor lasers and high-
mobility field effect transistors (FET). However, thus far
the choice of materials has been limited to those which
can be grown (typically by MBE) one on top of another,
thus limiting the types of structures which can be pre-
pared. Instead, 2d crystals of very different nature can
be combined in one stack with atomic precision, offering
unprecedented control on the properties and functional-
ities of the resulting 2d-based heterostructures. 2d ma-
terials with very different properties can be combined
in one 3d structure, producing novel, multi-functional
materials. Most importantly, the functionality of such
heterostructures will not simply be given by the com-
bined properties of the individual layers. Interactions
and transport between the layers allow one to go be-
yond simple incremental improvements in performance
and create a truly ”quantum leap” in functionality. By
carefully choosing and arranging the individual compo-
nents one can tune the parameters, creating materials
with tailored properties, or ”materials on demand”. Fol-
lowing this novel approach, part of the functionality is
brought to the level of the design of the material itself.
Inorganic LMs can be exploited for the realization
of heterostructures with graphene, to modulate/change
the electronic properties, thus creating ”materials on
demand”: hybrid superstructures, with properties not
existing in nature46,491–493, tailored for novel appli-
cations. E.g., superstructures like those in Fig.10
(SLG/BN/MoS2/BN/SLG) can be used for tunnel de-
vices, such as diodes, FETs, and light emitting devices,
or for energy application, such as PV cells.
To date, 3 methods can be envisaged for the pro-
duction of atomically thin heterostructures: (I) growth
by CVD305; (II) layer by layer stacking via mechanical
transfer46,406,494 and (III) layer by layer deposition of
chemically exfoliated 2d crystals. However, as the field
develops, other techniques will emerge.
Field effect vertical tunnelling transistors based on
graphene heterostructures with atomically thin BN act-
ing as a tunnel barrier, were reported493. The device
operation relies on the voltage tunability of the tunnel
density of states in graphene and of the effective height of
the tunnel barrier adjacent to the graphene electrode493.
Ref.[495] used Ws2 as an atomically thin barrier, allowing
switching between tunneling and thermionic transport,
with much better transistor characteristics with respect
to the MoS2 analogue
493, thus allowing much higher
ON/OFF ratios (∼106). A ”barristor”, a graphene-
silicon hybrid three-terminal device that mimics a triode
operation, was developed by Ref.[496]. The electrostat-
ically gated graphene/silicon interface induce a tunable
Schottky barrier that controls charge transport across a
vertically stacked structure493,496.
1. CVD growth of heterostructures
CVD is suitable for mass production of
heterostructures497,498, though it requires the largest
investment and effort in terms of identifying the
precursors, CVD system design and process develop-
ment. There are several indications that it is indeed
feasible497,498. h-BN was shown to be effective as a
substrate for CVD as well as exfoliated graphene499.
2. Mechanical transfer
Transfer individual 2d crystals into heterostructures
enabled the observation of several interesting effects,
including FQHE406, ballistic transport46 and metal-
insulator transition in graphene491. An advantage of
”dry” mechanical transfer is the possibility to con-
trol/modify each layer as it is being deposited, including
chemical modifications, at any stage of the transfer pro-
cedure. Also, any atomic layer in the multilayer stack can
23
be individually contacted, offering precise control on the
properties of the stack (in principle giving a material with
individual contacts to every atomic plane). Furthermore,
one can apply local strains to individual layers. These
can significantly modify their electronic structure500–502.
Also important is the control of the layer relative orienta-
tion, which may affect electronic properties of the stack
in certain intervals of the energy spectrum503.
3. Heterostructures from dispersions and inks
Large-scale placement of LPE samples for the produc-
tion of heterostructures can be achieved exploiting the
techniques reported in Sect.II A 7, tuning the properties
of the dispersion/ink accordingly. E.g., surface modifica-
tions by self-assembled monolayers enable targeted large-
scale deposition. High uniformity and well defined struc-
tures on flexible substrates can also be obtained. DEP
can be used to control the placement of individual crys-
tals between pre-patterned electrodes. Inkjet printing al-
lows to mix and print layers of different materials and is
a quick and effective way of mass-production. Solvother-
mal synthesis, i.e. synthesis in a autoclave using non-
aqueous precursors504, of MoS2 deposited on RGO sheets
suspended in dispersion was recently reported505.
IV. OUTLOOK AND FUTURE CHALLENGES
The successful introduction of graphene and/or other
2d materials in products depends not only on the identifi-
cation of the right products for new and current applica-
tions, but also on the ability to produce any of the mate-
rials in large quantities at a reasonable cost. The progress
in developing new materials processes over the past few
years has been impressive, especially given the broad
materials requirements, from single crystal graphene to
graphene flakes. The suitability of any given process de-
pends on the application. Nanoelectronics more than
likely has the most demanding requirements, i.e. low de-
fect density single crystals. Other applications, such as
biosensors, may require defective graphene, while print-
able electronics can tolerate lower quality, e.g. lower mo-
bility, graphene. Chemical vapour deposition techniques
are emerging as ideal processes for large area graphene
films for touch screens and other large display applica-
tions, while graphene derived from SiC single crystals
may be better suited for resistor standards. Many issues
still remain to be addressed in the growth of graphene
by CVD to improve the electrical and optical charac-
teristics, including mechanical distortions, stable doping,
and the development of reliable low cost transfer tech-
niques. While transfer techniques can be developed to
transfer graphene layers onto insulating substrates, it is
desirables to grow graphene directly on dielectric sur-
faces for many device applications and progress is being
made in achieving films on hexagonal boron nitride as
well as SiO2. However, a lot more effort is required to
achieve large area uniform high quality graphene films on
dielectrics. In the case of graphene on SiC, among other
issues related to uniformity, crystal size could be a ma-
jor cost impediment for large scale production. Liquid
phase exfoliation is appealing for the production of inks,
thin films and composites, and future research is needed
to control on-demand the number of layers, flake thick-
ness and lateral size, as well as rheological properties.
Synthetic graphenes are the most promising for the pro-
duction of atomically precise nanoribbons and quantum
dots to overcome the lack of band gap necessary for many
device applications. A controlled dopant distribution is
also needed, and techniques such as surgace functional-
ization using self-assembled acceptor/donor molecules or
assembling pre-doped molecules are being studied.
The layered nature of graphite makes its integration
with other layered materials a natural way to create het-
erostructures. Layered materials have been around for
a long time and studied and developed mostly for their
tribological properties. Now they are being considered as
new interlayer dielectrics for heterostructures that have
potential for new electronic devices with exotic proper-
ties. Because of their potential for new devices, there
will be a host of new processes that will need to be de-
veloped in order to grow or deposit high quality large
area monolayer films integrated with graphene with con-
trolled thickness and transport properties.
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